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Abstract
Over the last decade the spectroscopies of internal photoemission (IPE)
and photoconductivity (PC) have established a record of success when
applied to the investigation of thin insulating layers and their interfaces.
However, when considering challenges related with the application of these
techniques to the characterization of solid hetero-structures for the use
in electronic memory circuits, two major complications become evident:
First, the photoinjected (or photogenerated) charge carriers may not be
transported across the entire insulating layer of a charge-trapping memory
cell but become trapped inside of it. In this case no reliable interpretation of
the steady-state photocurrent is possible, which precludes one from carrying
out conventional IPE/PC experiments. Second, with the increasing demand
for high-permittivity nano-scaled insulators, the problem of leakage current
becomes more and more acute since it makes the photocurrent measurements
inaccurate, or even impossible.
The goal of the current work is to explore the experimental limits of IPE/PC
spectroscopy in relation to the analysis of electronic memory structures.
It is shown that photocharging measurements may successfully replace
the photocurrent detection and deliver the required information regarding
spectral onsets of the IPE and PC. Furthermore, as a bonus, this approach
enables the determination of the energy distribution of the gap states (traps)
in absolute terms–a major step forward, indeed.
It is also shown that IPE/PC measurements at room temperature can be
used to determine the interface barriers and bandgaps of insulators down
to a gap width of about 3 eV. Furthermore, instead of simply hampering
the measurements, assessing the behavior of the dark (leakage) current can
provide valuable information concerning the type of injection process.
x CONTENTS
This range of successful developments firmly establish IPE/PC spectroscopy
as a reliable tool of experimental analysis of the memory-related materials
and heterostructures.
Samenvatting
Gedurende het laatste decennium hebben de spectroscopieën van interne
foto-emissie (IPE) en fotoconductiviteit (PC) een record aantal successen
geboekt bij de studie van dunne elektrisch isolerende lagen en de betrokken
grenslagen. Echter, de toepassing van deze technieken voor karakterisatie
van vaste-stof heterostructuren geïntendeerd voor toepassing in elektronische
geheugenschakelingen stelt nieuwe uitdagingen waarbij twee essentiële
complicaties naar voren treden: Ten eerste, bij het ladingstransport kan
het optreden dat de foto-geinjecteerde (of foto-gegenereerde) ladingsdragers
niet volledig getransporteerd worden doorheen de gehele isolerende laag
van een ladingsvangst geheugencel, maar "onderweg" ingevangen worden
(getrapped) binnen de laag zelf. In dit geval is er geen betrouwbare meting
van de stationaire toestand fotostroom mogelijk, het geen de uitvoering van
conventionele IPE/PC experimenten belet. Ten tweede, in het licht van
de toenemende vraag naar hoge-permittiviteit isolatoren met nanoschaal
afmetingen wordt het probleem van de lekstroom als maar meer en meer
acuut daar deze de meting van de fotostroom inaccuraat maakt, zoniet
onmogelijk.
De intentie van het huidige werk is om een explorerende studie uit te voeren
van de experimentele limieten van de IPE/PC spectrocopieën gericht naar de
analyse van de elektronische geheugenstructuren, met meerdere opmerkelijke
resultaten. Het zal aangetoond worden dat meting van de foto-oplading op
een zeer succesvolle manier de meting van fotostroom kan vervangen, en
hierbij de verlangde informatie levert betreffende de spectrale aanschakeling
van IPE en PC. Bovendien komt het als een surplus dat deze aanpak toelaat
om de energetische distributie van de gaptoestanden (traps) te bepalen in
absolute termen–wat een zeer belangrijke stap voorwaarts betekent.
xii CONTENTS
Het wordt verder ook aangetoond dat IPE/PC-metingen bij kamertemper-
atuur ook kunnen aangewend worden om de grenslaagbarriéres en bandgaps
van isolatoren te bepalen, en dit tot bandgap breedtes van ongeveer 3
eV. Bovendien, wat de lekstroom betreft, in plaats van eenvoudigweg een
belemmering uit te maken voor metingen, blijkt dat de studie van het gedrag
van de donkerstroom (lekstroom) zeer nuttige informatie kan opleveren
betreffende het type van het ladingsinjectieproces.
De getoonde reeks van succesvolle ontwikkelingen en doorbraken bevestigen
IPE/PC spectroscopie als een betrouwbaar instrument voor experimentele
analyse van elektronisch geheugen gerelateerde materialen en heterostruc-
turen.
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Chapter 1
Introduction
1.1 High-κ Dielectrics in Microelectronics
Moore’s Law refers to an empirical observation concerning the Si-based
semiconductor microelectronic devices scaling stating that the number of
components incorporated per integrated circuit (chip) doubles every 18
months. [1, 2] This trend reflects an evolution in the production of more
complex circuits on a single semiconductor substrate, and achieves better
device performance and reduction of the fabrication cost per component,
leading to a market of larger economic scale which will invest more on
further scaling, i.e., following the "more Moore" trend. [3]
The metal-oxide-semiconductor (MOS) field-effect-transistor (FET) has
long been the basic unit in both logic and memory circuits. Since the first
MOSFETs were fabricated in 1960 [4], SiO2 has been exclusively used as
the gate dielectric for almost five decades. The excellent electrical properties
of the Si/SiO2 interface play an important role in the Si-MOS success story
for around half a century. During this period, several remarkable changes in
the design of MOSFET structure and in the integrated circuits architecture
have been made to allow the continuation of the scaling trend predicted by
Moore’s Law. In 1968, highly doped polycrystalline silicon (poly-Si) was
introduced to replace aluminum (Al) as the gate electrode material because of
its ability to withstand the high temperature (T) annealing without reacting
with the insulating SiO2, thus achieving higher reliability, while the acronym
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MOS was retained. Furthermore, the smaller work function difference in the
poly − Si/SiO2/Si system as compared to that in Al/SiO2/Si structures
resulted in lower power consumption. Meanwhile, the application of self
alignment of the source/drain regions to the gate stack in the lithography
process allowed one to attain a much higher circuit device density. [5] In
the 1990s, the increased device operation frequencies mandated the search
for higher conductivity interconnects. Copper was chosen not only for its
desirably high electrical conductivity but also because it was relatively easy
to obtain a clean interface with another copper layer, which greatly reduced
the contact resistance between metal levels. [6, 7] On the other hand, low
dielectric constant (κ) materials replaced the chemical vapor deposited SiO2
as the interlevel dielectric (ILD) to reduce the parasitic capacitance of the
interconnect structure and, in this way, abated the crosstalk noise and power
consumption. [8, 9]
However, the aggressive scaling of the MOSFET feature size has forced the
SiO2 gate dielectric thickness to the limit of direct electron tunneling (≈ 1.2
nm). In this case, the leakage current density is determined by the physical
thickness of the insulating dielectric rather than by the insulating film quality
in terms of the defect concentration. The search for low-leakage insulators
and the need for improved device performance have led to the introduction
of the high-κ gate insulating materials. The higher dielectric permittivity
enables one to achieve the desired low equivalent oxide thickness (EOT)
by using a substantially thicker layer as compared to the traditional SiO2.
[10] Furthermore, innovations in metal gate materials in combination with
high-κ insulators, i.e. high-κ/metal gate (HKMG), enable the elimination
of a poly-silicon depletion effect in the gate stack, allowing additional EOT
reduction. [11, 12] The application of high-κ gate dielectrics and metal
gate (MG) electrodes is one of most significant changes in MOSFET gate
stack structure since late 1960s. [13] As a result, the term "equivalent
scaling" has been employed to describe the device feature size evolution
based on new materials and structures rather on the geometrical scaling of
the Si/SiO2/poly-Si stack. [14]
1.2 Challenges for Memory Devices
Semiconductor data storage devices are referred to as memory devices,
which may be divided in two categories, the volatile and the nonvolatile
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cells, depending on the necessity or not of a constant power supply to store
the recorded information. Among them, the volatile dynamic random-access
memory (DRAM) and the nonvolatile Flash memory are the two most
important families of devices dominating the market nowadays. [15, 16]
According to the 2012 update of International Technology Roadmap for
Semiconductors (ITRS), the semiconductor industry targets 23 nm and 15
nm half-pitch (half the distance between identical lithographic features) for
DRAM and Flash in 2015, respectively, as can be seen in Fig. 1.1. [14]
Figure 1.1: DRAM and Flash Memory half-pitch size trends, replotted from
Fig. 10 in the 2012 update of ITRS. [14]
The incorporation of high-κ dielectrics in memory devices appears to be the
only effective way to keep up with this scaling pace. Since the requirements
for dielectrics applied in DRAM and Flash are very different, dissimilar
groups of insulating materials are being considered for these applications.
This aspect is illustrated in Fig. 1.2 (Adapted Fig. 1 from Ref. [16]), which
shows a general trend of bandgap width variation as a function of dielectric
constant for high-κ insulating oxides. [17, 18] For the sake of reference, the
dielectric constant and bandgap width values of some practically used or
candidate insulating materials for memory devices are listed in Table 1.1.
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Figure 1.2: Relation between the optical bandgap width and the dielectric
constant of several high-κ insulating materials. Regions of interest for future
generation DRAM and Flash devices are indicated. (Adapted Fig. 1 from
Ref. [16])
1.2.1 High-κ Dielectrics for DRAM MIM Capacitors
A typical DRAM memory cell consists of an access transistor and a charge
storage capacitor (1T/1C) structure and operates by using the charge of the
capacitor to represent one bit of information. [50] One of the most critical
issues for DRAM cells with reduced feature size consists in maintaining an
adequate storage capacitance, which, only this way, allows for low leakage
in the access transistor and the storage capacitor itself. The successful
accommodation of a high density of DRAM cells on a given chip area has been
accomplished thanks to the evolution of DRAM capacitor architecture and by
using an alternative (to SiO2) insulator layer in the capacitors. In 1982-1985,
the architecture of DRAM cells has changed from the planar two dimensional
poly-Si/insulator/Si (PIS) capacitor structure with SiO2 dielectric to the
poly-Si/insulator/poly-Si (PIP) structure to allow modification of the SiO2
thickness to adjust the capacitance. Then, the stacked capacitor structure
using a triple poly-Si electrode to increase the capacitor surface area was
introduced in 1985. [51] Finally, from 1986 to 1990, the 3-dimensional (3-D)
trench architecture was implemented to increase the effective area of each
capacitor. The evolution of DRAM capacitor architecture is illustrated in
Fig. 1.3 (Fig. 1 in Ref. [50])
Meanwhile, the permittivity of the insulating dielectric was slightly improved
(from 3.9 to ∼6) by nitridation of SiO2, which allowed the developers to
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Table 1.1: The dielectric constant κ and bandgap width Eg of (candidate)
materials applied as thin-film insulators. When available, the bandgap
widths of both amorphous (a) and crystalline (c) phases of the same insulator
are listed.
material κ Eg (a/c) (eV) Ref.
SiO2 3.9 8.9 [19, 20]
Si3N4 6-7 5.3 [21, 22]
HfO2 21 5.6-5.9/5.8 [21, 23]
ZrO2 18-43 5.5 [24, 25, 23]
TiO2 80 3.0-4.4 [26, 27]
Al2O3 9 6.2/8.8 [27, 28, 29]
Y2O3 16 5.6 [30, 31, 32]
La2O3 25-30 5.3 [30, 31]
Gd2O3 14-16 5.3-5.9 [27, 33, 34, 35]
Ta2O5 25-45 4.4/4.5 [36, 37, 38, 39]
Nb2O5 33-50 3.4-4.0/4.9 [40, 41, 42, 43]
SrT iO3 200 3.25 [44, 45]
SrxTiyOz 50-150 3.25 [44, 45]
(BaxSr1−x)TiO3 28− 104 3.2-4.7 [46, 47, 48, 49]
TaxSiyOz 4-28 4.4 [39]
focus on improving the data-rate rather than on the bit density, particularly
in the embedded applications with a pure Si3N4 dielectric. On the other
hand, metals like TiN replaced poly-Si to fabricate the electrodes, preventing
dopant outdiffusion from the poly-Si layer during activation anneal. At the
same time, the use of metal electrodes also lowered the thermal budget by
avoiding the dopant activation anneal in the poly-Si layer. [52] Unfortunately,
the continuous shrinking of Si3N4 insulator thickness in the Si-based poly-
Si/(SiO2/)Si3N4/TiN capacitors has led to an intolerably high tunneling
leakage current. Also, because of the relatively high thermal budget of the
deposition process (∼ 650 oC), Si3N4 insulation was abandoned in the early
2000s. [21, 50]
As a result, as the DRAM half-pitch continues to scale down to below
150 nm, introducing the high-κ material became necessary to obtain
sufficient storage capacitance, even when using the high-aspect ratio 3-
D trench capacitor structure. At this stage, the use of Ta2O5 with moderate
dielectric constant value (κ=25-45 [53]) in metal/insulator/semiconductor
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Figure 1.3: The DRAM capacitor architecture evolution in the sequence of
the poly-Si/SiO2/Si (PIS) planar capacitor (a), the poly-Si/insulator/poly-
Si (PIP) double poly planar capacitor (b), the PIP capacitor with the triple
poly-Si electrodes (c), and the three-dimensional (3D) stacked PIP capacitor
followed by the 3D trench PIP, metal/insulator/poly-Si (MIP), or MIM
capacitor (d). (Fig. 1 in Ref. [50]).
(MIS) trench capacitors was reported. In addition, to satisfy the high
conformity and precise thickness control requirements for 3-D trench
capacitor structures, the atomic layer deposition technique was introduced.
As a whole, the incorporation of the ALD-grown high-κ dielectrics with
physically larger thicknesses allowed one to suppress direct tunneling while
retaining a sufficient amount of charge in the capacitor at the same program
bias voltage.
Next, to avoid the undesirable increase of EOT caused by the SiO2 interlayer
formation between the high-κ dielectric and the poly-Si electrode, the
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metal/insulator/metal (MIM) capacitor structure was introduced. The
complex oxide (BaxSr1−x)TiO3 (BST) insulator was widely studied for
its high dielectric constant in the Pt/BST/Pt structure, in which Pt was
chosen for its high work function. [46, 47, 48, 49] However, for a number
of reasons which included the high crystallization temperature of BST, the
enhanced leakage, the use of the Pt electrode which is hardly compatible
with CMOS processing, the nonlinear dielectric response to the electric
field, the challenging stoichiometry control, and the resistance degradation
problem, BST did not reach the mass production. On the other hand,
the use of the TiN/ZrO2/Al2O3/ZrO2/T iN MIM capacitor allowed one to
successfully reduce the leakage to 10−8 A/cm2 at 1 V and EOT<1 nm. In
this stack, the Al2O3 inter-layer is used to block the electron conduction
paths through ZrO2 grain boundaries. Therefore, a leakage reduction was
achieved by using crystalline ZrO2/Al2O3/ZrO2 (ZAZ) structure of the
same EOT value as compared to a single layer ZrO2 insulator. [54, 55]
However, though the κ value of ZrO2 may be as high as ∼40, the insertion
of the moderate-κ Al2O3 interlayer impairs the effective κ value of the ZAZ
laminate structure. Consequently, the ZAZ structure appears to be not
capable of providing solutions for further EOT scaling to the range below
0.5 nm. Some other dielectrics with similar κ value, including Nb2O5 [41],
La2O3 [30], and complex rare-earth metal oxides such as LaAlO3, LaScO3,
and GdScO3 [56, 57, 58] were also considered at this stage but did not reach
the device production. Furthermore, silicates such as HfxSiyOz, ZrxSiyOz,
TixSiyOz and TaxSiyOz also failed to meet the thermal stability and low
leakage requirements. [52]
As a result, the application of dielectrics with κ > 50 appears to be necessary
to obtain the capacitance levels required for sub-0.5 nm EOT MIM storage
capacitors. However, these materials have to meet several requirements:
First, a conformal thin uniform dielectric layer is needed for the high-aspect
ratio trench capacitor architecture. Atomic layer deposition appears to be
the only technique intrinsically satisfying this requirement, but it demands
substantial effort to be devoted to the development of suitable precursors
as well as to the optimization of the growth of high-κ films and stacks.
Next, the capacitors in the embedded DRAM cells are often processed after
the fabrication of the logic transistors. Therefore, the capacitor processing
temperature must be kept below 650 oC to avoid damaging the thinner gate
oxide and the salicide gate stack. Finally, since the DRAM performance
is essentially determined by the charge storage in the capacitor, the latter
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has to satisfy the requirement of a sufficiently low leakage current (< 10−8
A/cm2 at 1 V).
Two approaches may be used, aiming at reduced capacitor leakage current.
First, leakage may be suppressed by providing a high metal/insulator
interface potential barrier, which is possible only if the insulator bandgap is
wide enough. [16]. However, insulators of higher dielectric constants tend to
have narrower bandgap values, as can be seen in Fig. 1.2. Many works have
attempted to develop novel high-κ oxides with the hope of breaking this
trend by combining two oxides: one with a high-κ value and the other with
a wide bandgap. The bandgap engineering of some of these complex oxides
is addressed in chapter 5. For instance, the bandgap of HfxTiyOz is found
to become larger when the HfOx content increases while NbxTa2−xO5
appears to retain the narrowest gap width from the two constituent oxides.
Another approach to minimize the leakage through the MIM structure is
by using higher work function metals to fabricate the electrodes while the
insulator bandgap is unchanged. The hope is that a larger energy barrier
between the metal Fermi level and the insulator conduction band minimum
can be obtained in this way. Ru-based electrodes are often considered
because their deposition is compatible with the current DRAM fabrication
process and allows for the leakage reduction. In chapter 6, we investigate if
the interface band structure of a metal/SrxTiyOz (κ=50-150 [44]) structure
is influenced by the metal (TiNx, Ru, and RuO2) electrode work function.
Then, the impact of the insulating oxide defects on the electrical conduction
is evaluated to estimate the possibility to further reduce the leakage current
of SrxTiyOz thin films. [16, 21, 52]
1.2.2 High-κ Dielectrics for Flash
Based on the charge-trapping data storage mechanism, Flash memory cells
can be classified into two types: The first type is the floating-gate (FG) Flash
cell, named as it traps electrons in the FG layer sandwiched between the
tunneling oxide and the blocking dielectric, as illustrated in 1.4(a). Since the
control gate and FG are both poly-Si layers, the blocking dielectric is often
referred to as a inter-poly-dielectric (IPD). Another type of charge trapping
cells is the trapping-insulator-based Flash cell, in which the electrons are
trapped by the defects in the insulating trapping layer confined between
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the tunneling and the blocking dielectrics, as illustrated in 1.4(b), where
the TaN/Al2O3/Si3N4/SiO2/Si (TANOS) stack is given as an example.
Figure 1.4: The energy band diagrams during the electron injection and
the gate stack cross sections of the FG type Flash cell (a) and the trapping-
insulator-based based Flash cell (b), where the gate bias Vg > 0 is applied
during electron injection from the p-Si substrate. The dashed lines represent
the quasi-Fermi level in semiconductor.
Flash memory has emerged as the primary driver of semiconductor
lithography technology. In 2007, the downscaling of the feature size of
Flash poly-Si gate overtook that of the DRAM half pitch, as can be seen
in Fig. 1.1. [14] One of the goals for the further Flash cell scaling is to
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reduce power consumption. When the operation voltage of Flash cells
is reduced, efficient electron trapping/detrapping needs to be maintained.
Therefore, the thickness of the Flash stack must be diminished. As a result,
the thickness of the tunneling SiO2 layer approaches the earlier mentioned
direct-tunneling limit, which becomes impractical since it leads to poor
retention due to electron back-tunneling to the Si substrate. Therefore,
introducing a high-κ blocking dielectric layer becomes necessary to make
the most of the voltage-drop happening across the tunnel SiO2 layer, which
would allow one to reduce the write/erase voltages without making the
tunnel insulator thinner. The smaller potential drop across the high-κ
dielectric layer would also prevent electron injection from the control gate
which otherwise may degrade the erase properties of the Flash cells. [59, 60]
Besides the high permittivity, dielectrics applied as the blocking layer must
have a wide bandgap to provide sufficiently large potential barrier to suppress
the electron injection from the control gate electrode during the erase voltage
pulse. This limits the choice of the κ value of materials to moderate values
(typically 9-20), as can be seen in Fig. 1.2. [16] Importantly, the blocking
dielectric should also be trap-free to avoid the capture of electrons during
erase, which may result in a built-in negative electric field, leading to the
insufficient electron injection when the normal program bias is subsequently
applied.
As compared to other candidate materials, Al2O3 meets the wide bandgap
criteria in its crystalline γ phase (Eg=8.8 eV). [61] It has been widely studied
in relation to the application as the blocking dielectric in Flash memory cells.
Although the presence of defects acting as electron traps in Al2O3 layers has
been known since early 1970s [62], the origin, energy level(s), and density
of electron traps in the ALD-grown Al2O3 are not known yet. Moreover,
for future generation Flash devices, dielectrics with larger permittivity than
that of Al2O3 are required for the lower device operation voltage. The rare-
earth aluminates (e.g., LaAlOx and GdAlOx) and scandates (e.g., DyScO
and GdScO) attract attention for their moderately wide bandgap (cf. Fig.
8(b) in Ref. [16]). Consequently, the knowledge of trap properties in Al2O3
and rare-earth aluminates is essential to evaluate their possible usefulness
as blocking dielectric in Flash cells and will be discussed in the chapter 5 of
this thesis.
Using high permittivity oxides to replace Si3N4 as the trapping layer in
the trapping-insulator-based type Flash cell is also of increasing interest
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since it allows one to improve the programming characteristics and the data
retention. In order to achieve a long retention time, the presence of deep
oxide traps is compulsory and also requires a wide oxide bandgap. While
elementary oxides such as HfO2 [63], Y2O3 [32], Nd2O3 [64], and Tb2O3
[65] have been proposed as the candidate trapping dielectrics, the use of a
complex oxide trapping layer like HfAlOx [66], LaAlOx [16], and NdTiO3
[64] in Flash cells has also been reported. To evaluate the possibility of
applying a high-κ dielectric as the trapping layer, the bandgap width as
well as trap type, energy depth, and density should be comprehensively
studied. In this thesis, we propose an experimental methodology of such
analysis, which will be exemplified by studying Y2O3 layers deposited on
Si/SiO2 substrates, as discussed in the chapter 3.
To evaluate the possibility of applying high-κ dielectrics in DRAM or Flash
memory cells, one needs to develop a reliable methodology to determine the
insulator physical properties. The insulating oxides may have a bandgap
width as low as 3 eV and, therefore, a high leakage. Alternatively, the
oxides may have a wide bandgap but suffer from strong electron trapping.
In this thesis, we demonstrate that by analyzing the photocurrent internal
photoemission (IPE), the photoconductivity (PC), and the photocharging
photoionization (PI) phenomena at the oxide interfaces or in the oxide
layers, we can provide physical information relevant to the application of
oxides in memory cells.
1.3 Outline of this Thesis
This work is predominantly devoted to the development of experimental
approaches allowing one to explore the physical properties of high-κ oxide
layers in order to provide information relevant to their applications in
memory devices.
In chapter 2, the physics of IPE in semiconductor/insulator and metal/insulator
heterojuctions is reviewed. In addition, the theory and experimental details
of the IPE/PC and PI techniques are discussed and illustrated.
Next, in chapter 3, the oxide insulator Y2O3 is used as an example
to demonstrate the potential of the combined IPE/PC/PI experimental
approach. The band diagram of Y2O3/SiO2/Si structure, as well as the
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energy levels and densities of traps in the Y2O3 layer, are determined to
provide a physical picture of a material to be applied in memory devices. In
particular, it will be shown that the trap energy distribution and density in
the oxide layer can be quantified by analyzing their charging and discharging
due to photoionization.
Next, in chapter 4, this photoionization method is applied to study the
energy distribution and density of electron traps in Al2O3 and rare earth
aluminates proposed as materials for the blocking dielectrics in Flash devices.
Electron-spin-resonance results show that the observed electron traps in
Al2O3 layer are not related to the carbon impurity. Finally, the TANOS
structure is studied to exemplify the possibility of trap characterization
in the completed Flash cell. In addition, the electric field dependence of
the interface barriers of Si/insulating in-situ steam grown SiO2 (ISSG)
and of Si/SiOx − SiNy intermixed oxide (SNOW) was studied. These two
dielectrics are the alternative insulators intended to replace the thermally
grown SiO2 to fabricate the tunnel layer in memory cells for large area
processing and for reducing the EOT of memory cells, respectively.
The analysis on the oxide bandgap width variation resulting from the
bandgap engineering of high-κ oxides to be applied in DRAM cells is
discussed in chapter 5 by using the results of the IPE/PC and spectroscopic
ellipsometry experiments. In most of the cases studied, the bandgap width
of a mixed oxide is found to be close to the narrowest bandgap of the
constituent oxides. The sensitivity of the PC spectroscopy is shown to
be high enough to resolve several thresholds in the oxide thin film which
demonstrates the suitability of this technique to study the complex oxides.
However, the high leakage through the thin insulating films with a narrow
gap may obstruct the application of the PC analysis. On the other hand,
spectroscopic ellipsometry is found to deliver the weighted-average value of
the constituent oxides bandgap instead of the real insulator gap width. This
may be due to the over-simplified models used in the simulation which fail
to describe adequately the band-to-band transitions in the complex oxides.
The electron IPE results discussed in chapter 6 reveal nearly identical barrier
heights at the interfaces of metals with different WF values (TiNx, Ru,
and RuO2) and Sr-rich SrxTiyOz insulators. This observation suggests
a Fermi level pinning to occur at the metal/oxide interface. Analysis of
the temperature-dependent current-voltage characteristics measured on
SrxTiyOz MIM capacitors shows the electrical conduction in the SrxTiyOz
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layers to be trap-limited, which indicates that the leakage can further be
reduced by lowering the oxide defect density.
The conclusions drawn from this work are summarized in chapter 7. By
analyzing results of the photocurrent IPE/PC, and the photocharging PI
measurements using a similar experimental arrangement, several essential
physical properties were quantified. First, we have determined the potential
barrier height at the metal/oxide interfaces where the oxide bandgap width
can be as narrow as 3 eV. Also, we found that complex oxides often have
multiple bandgaps, which are associated with the electron density of states of
one of the constituent oxides. Moreover, broad distributions of the electron
trap energy depth are found in all studied wide-bandgap oxides.
Based on the observation of the broad distribution of the electron trap energy
levels in several oxides, we propose a novel methodology to determine the
electrode/insulator interfacial potential barrier by analyzing the optically-
excited trap-assisted electron conduction in the insulator. Since the highest
energy level occupied by electrons in the insulator corresponds to the
electrode Fermi level, by analyzing the electric field dependence of the
optical excitation threshold energy of the trapped electrons we can obtain
the zero-field threshold. This threshold energy corresponds to the energy
barrier between the electrode Fermi level and the insulator CB minimum.

Chapter 2
Physics of IPE and
Experimental Methods
2.1 Metal/Insulator and Insulator/Semiconductor
Heterostructures
Two most important heterostructures, metal/insulator (MI) and in-
sulator/semiconductor (IS) junctions, ultimately determine the device
performance in MIS electronic devices. To understand the electrical
transitions across heterostructures, the knowledge of electron energy states
near the interface and in the contacting materials is essential, which
motivates one to determine the energy band diagrams of MI and IS junctions.
The energy band profile at a MI heterojunction is schematically illustrated
in Fig. 2.1(a). The work function (WF) of the uniform surface of a metal is
defined as the difference in electrical potential energy for an electron at the
Fermi level (EF )1 of the metal and the vacuum energy level (E(V acuum)),
the energy level of an electron resting in vacuum, i.e. at infinite distance
from the surface. In the ideal (defect-free) case, the electron interfacial
1The Fermi level is defined as the highest energy level occupied by an electron in a
multiple electron system at the energy of the ground state, i.e. at absolute 0K. [67] When
the system energy E' EF , the chance of EF being occupied by an electron is 50 %. [68]
Remarkably, for an intrinsic semiconductor, EF (i−Semi) lies not exactly in the center of
the energy gap because of the different effective mass of electrons and holes.
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Figure 2.1: The schematic energy band diagrams of (a) the metal/insulator,
and (b) the insulator/semiconductor heterostructures, where p-type doped
semiconductor (p-semiconductor) serves as an example in the latter.
barrier height at the MI interface (Φe(Me/Ins)) is equal to the difference
between the energy of the bottom of the insulator conduction band (CB(Ins))
and the metal Fermi level (EF (Me)). The insulator bandgap width (Eg)
is defined as the energy difference between the CB bottom edge and the
valence band maximum (V B(Ins)), labeled as Eg(Ins). Furthermore, the
electron affinity of the insulator (χ(Ins)) is defined as the energy difference
between the insulator conduction band minimum CB(Ins) and the vacuum
level E(V acuum). [69]
The schematic energy band diagram of an IS heterojuction is illustrated in
Fig. 2.1(b), where the p-type doped semiconductor (p-semiconductor) is
shown as an example. In this case, EF of p-semiconductor (EF (p−Semi)) is
below the EF of the intrinsic semiconductor (EF (i−Semi)), the latter being
situated in the middle of the forbidden band of the semiconductor. Therefore,
the WF of p-semiconductor (WF(p−Semi)) is defined as the energy potential
difference between E(V acuum) and EF (p−Semi). It it worth to note that the
barrier height potential for an electron transition from the semiconductor
to the insulator CB edge (Φe(Semi/Ins)) is the difference between the edges
of the CB(Ins) and the V B(Semi), instead of EF (Semi) of the semiconductor
located in the forbidden gap. This is because the highest energy state
that an electron in a semiconductor can occupy is the top of the VB, as
illustrated in Fig. 2.1(b).
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2.2 Physics of Internal Photoemission and Photocon-
ductivity
The values of the interfacial barrier height and the insulator bandgap in
a heterojuction can be determined by studying two optically stimulated
physical electron transition processes, namely internal photoemission (IPE)
and photoconductivity (PC). IPE represents a process in which a charge
carrier (electron or hole) absorbs a photon with energy hν sufficient to
surmount the interfacial barrier of height Φ. In other words, a charge
carrier may leave one condensed phase (the emitter) and then overcome
the interfacial potential barrier thus entering another solid (the collector)
once it receives a sufficient amount of energy. [70] Therefore, the threshold
(minimum) photon energy required for IPE is equal to the interfacial barrier
height Φ. For the IPE phenomenon to be observed, the optically-excited
charge carrier transitions must provide a predominant contribution to the
total flux of charge carriers across the interface. When an interfacial potential
barrier of a sufficient height is present, it will suppress the charge carrier
transport due to thermally-excited electrical transitions. In this way, an
IPE contribution can be detected through its electrical transport across the
interface.
The quantum phenomenon photoemission is generally described as a
sequence of three steps, as illustrated in Fig. 2.2, where the electron
is taken as the charge carrier to serve as an example. These steps are:
(a) photoexcitation of an electron inside a solid by absorbing the photon,
resulting in the internal photoexcited density of states (DOS) distribution,
(b) transport of the photoexcited electron towards the emitter surface, and
(c) escape of the electron from the emitter surface by surmounting the
potential barrier at the interface. [71, 72]
Furthermore, if one assumes that the excited charge carrier energy remains
close to the threshold energy of IPE and the optical properties of the system
do not vary significantly in this narrow range of photon energies, then
the energy distribution of electrons optically excited in the emitter can be
described by considering transitions of electrons from the occupied initial
states with energy distribution Ni(E) to the unoccupied final states with
energy distribution Nf (E+hν). Assuming that the momentum conservation
is of little significance [73], the internal energy distribution of the excited
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Figure 2.2: Schematic representation of (internal) photoemission as a three-
step process: (a) the optical excitation of an electron from the upper edge
of the occupied electron states of the emitter, (b) transport to the surface of
the emitter, and (c) surmounting the potential barrier at the interface. [23]
electrons in the emitter can be expressed as follows:
Nexcited(hν,E) = A′(hν)Ni(E)Nf (E + hν)|Mif |2, (2.1)
where A′(hν) is determined by the intensity of light absorbed in the emitter,
and Mif is the matrix element coupling the initial and final electron states.
[73] If only the spectral range in the vicinity of the photoemission threshold
Φ is analysed, i.e., the final states lie energetically far enough from the CB
minima, Nf and Mif may be considered as weak functions of the electron
energy E + hν. [73, 74] In this case the energy distribution of the excited
electrons Nexcited(hν+E) will represent a replica N ′(E) of the initial density
of states Ni(E) translated upward in the energy scale by hν [73].
The escape probability (P) of an electron from the energy distribution of the
excited charge carriers at the emitter surface N∗(E, hν) can be described
in the simplest way by using the Fowler condition [73, 75, 76]:
P (E) =
{
1 , if pn > pc
0 , if pn < pc,
(2.2)
where pn is the component of the electron momentum oriented along the
normal to the emitter surface, and pc is the "critical" electron momentum
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value characterizing the particular surface/interface barrier. In the free
electron model pc may be related to the spectral threshold of photoemission
as Φ = p
2
c
2m∗ , where m
∗ is the effective mass of the charge carrier. If
tunneling transitions are neglected, the Fowler condition can be rewritten
in the energy space as [73, 75]
P (En) =
{
1 , if En > Φ
0 , if En < Φ,
(2.3)
where En is the kinetic energy associated with the component of the electron
momentum along the normal to the emitter surface. The transition to the
total electron energy E results in the following expression for the escape
probability
P (E) = D(E − Φ)β, for E > Φ, (2.4)
where D is a constant and β is determined by the charge carrier distribution
in the momentum space, and usually lies in the range 0.5-1. [23, 73, 76]
To relate the theoretical model discussed above to the experimentally
measurable quantities like the electrically detected photocurrent, the
photoemission of charge carriers needs to be quantified. The quantum
yield of photoemission (Y) is defined as the average number of charge
carriers emitted per one photon absorbed in the emitter [77], which can be
written as:
Y (hν) =
∫ ∞
0
N∗(E, hν)P (E)dE, (2.5)
where P(E) is the electron escape probability given by eq. (2.4). Next,
considering electrons as the charge carriers in the studied case, and assuming
that only the electrons that have been optically excited to the energy states
above the interface barrier height Φ have a non-zero probability to surmount
the barrier, the yield expression can be simplified by placing the origin of the
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energy scale at the uppermost occupied state in the emitter. The maximal
energy of a photoelectron in the distribution N∗(E, hν) then becomes equal
to hν, leading to the following integral:
Y (hν) =
∫ hν
Φ
N∗(E, hν)P (E)dE, (2.6)
which is a function of only hν and Φ.
By assuming N∗(E, hν) to be a function of (E − hν) only [73], and by
combining eqs. (2.4) and (2.6), the quantum yield can be expressed as
follows:
Y (hν) = D′
∫ hν
Φ
N∗(E−hν)(E−Φ)dE = D′
∫ hν−Φ
0
N∗(−y)(hν−Φ−y)dy,
(2.7)
where the integration variable is changed to y = hν−E and D′ is a constant.
In the case of a simple N∗(E − hν) v A(hν − Φ)q+2 functional dependence
as shown in Table 2.1, eq. (2.7) can be integrated resulting in a model
power yield function:
Y (hν,Φ) = A(hν − Φ)γ , (2.8)
where A is a constant and γ = q + 2, i.e. it reflects the functional form of
N∗(E − hν). In Table 2.1 the model spectral dependence of the quantum
yield is summarized for different shapes of function on N∗(E−hν) = N∗(−y)
are summarized, where y is substituted for E. [73]
Intrinsic PC represents generation of an electron-hole pair in an insulator
by absorbing a photon with energy hν ≥ Eg(Ins) resulting in an additional
electron and hole in the CB(Ins) and V B(Ins), respectively. Assuming the
mean free-path of photogenerated charge carriers to be larger than the
thickness of the collector layer, the PC current will be proportional to
the joint density of states which represents the density of paired initial-
final states that participate in the optical transition with energy hν. The
threshold energy of the intrinsic PC corresponds to the optical bandgap
width of the insulator Eg(Ins). Therefore, the intrinsic PC threshold energy
can be determined by fitting the near-threshold portion of the quantum
yield of the PC-versus-hν curve by
YPC ∝
(
hν − Eg(Ins)
)δ
, (2.9)
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where δ=2 usually gives a good fit for amorphous materials. The absence
of a periodic lattice structure in non-crystalline materials leads to less
meaningfulness in the determination of the wave vector k of the electron
energy states in k-space. Therefore, the optical transitions in amorphous
materials are considered not-momentum-conserved, i.e. indirect transitions,
for which the absorption coefficient α is proportional to
(
hν − Eg(Ins)
)2
.
[20, 69, 78].
Since the total photocurrent value will contain contributions stemming both
from PC and from IPE transitions, the latter with much lower spectral
threshold Φ, distinguishing between the PC and IPE current components
becomes necessary. First, since both the electrons and holes contribute
equally to the charge transport, PC is expected to be largely insensitive to
the orientation of the electric field in the insulator. By contrast, the IPE
current is sensitive to the type of injecting electrode (the photoemitter) and,
therefore, will have asymmetric current-voltage characteristics in MIS or
MIM structures with different electrode materials. Furthermore, because
the number of photons absorbed in an insulating layer in the vicinity of the
PC spectral threshold is expected to increase with increasing layer thickness,
the PC current must follow the same trend. At the same time, in the
absence of strong charge trapping effects, the quantum yield of the IPE
observed for a fixed electric field is insensitive to the total thickness at the
insulating collector. Finally, in thin insulating films the PC yield is by far
higher than that of IPE, which also can be used to identify the PC-related
photocurrent.
2.3 Internal Photoemission and Photoconductivity
Spectroscopy
The IPE and PC experiments are carried out using the experimental
setup schematically illustrated in Fig. 2.3. The studied samples are
the metal/insulator/semiconductor (MIS) or metal/insulator/metal (MIM)
capacitor stacks, where a semitransparent top electrode is needed to attain
the sufficient incident photon flux. The light emitted by a quartz W-halogen
or a Xe-arc lamp passes through the PTI 101 monochromator operating
with a fixed spectral resolution of 2 nm and provides photons in the energy
ranges of hν=1.25 - 4.1 eV and 1.5 - 6.2 eV, respectively. In the course
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Figure 2.3: The scheme of the IPE and PC experiment setup, where the
sample is a MIS capacitor.
of the IPE/PC experiment, the studied capacitor structure is biased by
applying a bias voltage (V) to the top metal electrode. The current across
the insulating layer is measured with a KEITHLEY 6517 current meter.
The current measured upon and without illumination is defined as the light
current and the dark current, respectively. To avoid that the time-dependent
dark current behavior influences the measurement, the biased capacitor
was kept in darkness for a sufficient time (several hours) to attain a stable
current level before the IPE/PC measurements are started. The quantum
yield of IPE/PC is defined as the photocurrent–equal to the light current
minus the dark current–normalized to the incident photon flux and the
capacitor area.
The schemes of optically excited electron transitions in a MIS stack are
shown in Fig. 2.4, with the positive bias (V>0) (a) or negative bias (V<0)
(b) applied to the top metal electrode and p-Si used as the substrate. In
the case of positive bias (Fig. 2.4(a)), the hole IPE from the metal or
the electron IPE from p-Si may be observed. Under the opposite bias
polarity, the electron IPE from the metal into the insulator and the hole
IPE from p-Si into the insulator may occur, as shown in Fig. 2.4(b). At a
higher photon energy hν ≥ Eg(ins), the PC in the insulator may be detected
at both bias polarities. The electron-hole pairs photogenerated in the
insulator are separated by the electric field and contribute to the measured
photocurrent. Since PC is insensitive to the orientation of the electric field,
the PC threshold energy remains unchanged when either positive or negative
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Figure 2.4: The schematic energy band diagrams depicting the schemes of
IPE and PC electron transitions in a MIS stack under positive bias (V>0)
(a), or negative bias (V<0) (b) applied to the metal electrode, where a
p-type semiconductor is used as an example.
bias voltage is applied to the top metal electrode. The band diagram of a
MIM capacitor can also be determined by using IPE and PC experiments,
as illustrated in Fig. 2.5.
The IPE of electrons photoexcited from the occupied states near the top
of the semiconductor VB follows the Y ∝ (hν − Φ)3 law reasonably well
because N∗(E) is close to a linear function when E is in the vicinity of
Φ. [79] Therefore, as an example, by analysing the Y 1/3 − hν dependence,
the threshold energy of electron IPE from Si VB maximum to Al2O3 CB
minimum (Φe(Si/Al2O3)) can be obtained, as illustrated in Fig. 2.6 for the
case of a stack comprised of heavily doped n+-Si/20 nm Al2O3/Au. A
gradual shift of Φe(Si/Al2O3) to smaller values when the bias applied to the
Au electrode increases is seen, which can be explained by the interface
barrier height reduction owing to the image-force in high electric field (cf.
Fig. 13 in [23]). Next, by plotting the PC yield in Y 1/2 − hν coordinates,
the threshold energy of PC in an insulator can be extracted and is not
influenced by the orientation of electric field, as illustrated in Fig. 2.7 taking
LaAl4Ox as an example. In this case, the width of bandgap of LaAl4Ox is
unchanged in amorphous or crystalline phases.
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Figure 2.5: The schematic energy band diagram and the schemes of the IPE
and PC electron transitions in a MIM stack under positive bias (V > 0) (a)
and the negative bias (V < 0) (b) applied on the top metal electrode (TE),
respectively, while the bottom metal electrode (BE) is at zero electrical
potential.
The accuracy of IPE and PC experiments in determining the IPE and PC
spectral threshold energy may be influenced by several factors. Firstly, the
energy width of the monochromator slit characterizing the spectral resolution
of the setup gives an uncertainty in photon energy in the range 0.01-0.03 eV.
Then, fluctuations of the dark current and of the photocurrent also limit
the accuracy though the latter can be reduced to an acceptable level below
1 % by signal averaging. The third uncertainty is the measurement of the
incident light intensity, which can be minimized by proper calibration of the
incident photon flux using calibrated Si and SiC photodiodes. Also, effects
of the higher order diffractions and the influence of stray light should be
taken care of by using filters.
The largest uncertainty source in IPE and PC threshold energy measure-
ments is related to the determination of the zero yield point. This is caused
by the subthreshold photocurrent stemming from IPE into the band tails
or by other optical excitations, e.g. photoionization of gap states in an
insulator. An heuristic approach to the determination of IPE and PC Φ is
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Figure 2.6: The cube root of IPE yield measured on n+-Si/20 nm Al2O3/Au
capacitors to determine the threshold energy Φe(Si/Al2O3) of electron IPE
from Si into the amorphous Al2O3 layer under different bias. Arrows E1
and E2 mark the onset of direct optical transitions within the Si crystal.
based on subtraction of the subthreshold portion, extrapolated to a higher
photon energy using a phenomenologically best fit, from the measured total
yield, as illustrated in Fig. 2.6 and Fig. 2.7, for instance. Depending on
the spectral range, different functions (cf. Table 2.1) can give reasonable
fits of the subthreshold portion of the Y-hν spectrum, leading to model-
dependent variations in the extrapolated spectral threshold value. [23, 40]
These variations set the accuracy limit of the IPE/PC spectral threshold
extraction to 0.05-0.10 eV.
2.4 Charge Trapping in the Insulator
The charge carrier traps in the insulator can be located not only close
to the MI or SI interfaces, but also deep in the insulator layer. Bulk
insulator traps are associated with impurities and intrinsic defects, and play
an important role in a number of device-relevant issues: (1) nonvolatile
memory applications, where the bulk traps are used for charge storage; (2)
device stability because hot carriers generated during device operation enter
the insulating layer and become trapped, altering device characteristics.
[80] When the charge carriers are injected or generated into the insulating
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Figure 2.7: Spectral plot of the square root of the PC yield for the positive
(2 V) or negative (-2 V) bias applied to the Au electrode of MIS capacitors
with a 20 nm a− LaAl4Ox or c− LaAl4Ox (annealed in N2;800 oC;1 min.)
insulating layer grown on a p-Si/4 nm SiO2 substrate. The threshold energy
of the PC in LaAl4Ox layers is seen to be independent of electric field
orientation.
layer, the traps have a chance to capture electrons (or holes) thus leading
to oxide charging. The properties of charge trapping in the insulator can
be studied by analyzing the variation of charge in the insulator ∆Q as a
function of energy depth relative to the insulator CB bottom.
First, let us consider a metal/insulator/Si structure which can be treated as
a parallel plate capacitor. Its capacitance per unit area C in accumulation
is determined by the capacitance of the insulator given by
C = εrε0
d
, (2.10)
where εr is the relative permittivity2 of the material (3.9 for SiO2), ε0 =
8.85×10−12 Fm−1 the permittivity of vacuum, and d the insulator thickness.
[40] For the insulating layer of a MIS capacitor, the variation of the charge
∆Q happens when the introduced charge carriers are captured by the traps
or, vice versa, when the charge carriers are detrapped and leave the insulator.
2The relationship between the permittivity ε and the relative permittivity εr of a
material can be described as ε = εrε0. [40] The term relative permittivity is also called
dielectric constant (κ) and is dimensionless.
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Charge variation leads to a flatband voltage VFB shift
∆VFB = −∆Q
C
(
1− x
d
)
, (2.11)
where x is the centroid of the insulator charge Q. The sign of ∆Q provides
information on the charged trap type: If ∆Q > 0, the charge traps are
mainly hole traps (or trapped electrons are removed from the defects). If
∆Q < 0, the charge traps are dominated by electron traps (or the trapped
holes leave the imperfections).
Next, if a more complicate MIS structure with a stack of two insulating
layers, metal/insulator/SiO2/Si (MIOS) is considered, the capacitance of
this stack can be seen as two capacitors in series and is expressed as [40]:
1
C
= 1
CIns
+ 1
CSiO2
, (2.12)
where CIns and CSiO2 are the capacitances of the insulator and the SiO2
layer, respectively. The equivalent oxide thickness EOT of the insulating
layer is defined as follows:
EOT =
(
εSiO2
εi
)
ti, (2.13)
where ti and εi are the physical thickness and the relative permittivity of
the insulating layer, respectively. Therefore, eq. (2.12) can be rewritten as:
1
C
= EOT
εSiO2ε0
+ tSiO2
εSiO2ε0
= EOT + tSiO2
εSiO2ε0
. (2.14)
Therefore, the capacitance of the insulating layer CIns per unit area can be
written as:
CIns =
εε0
εε0
C
− tSiO2
= εε0C
εε0 − tSiO2C
(2.15)
and, in this way, once the capacitance of the MIOS stack is extracted from
the capacitance-voltage (C-V) curves measured on the studied capacitor,
the CIns value can be calculated.
Furthermore, assuming the SiO2 layer in the MIOS capacitor to be trap-free
and the traps in the insulator to be distributed uniformly, the centroid x of
the trapped charge in MIOS stack is given by
x = tSiO2 +
EOT
2 . (2.16)
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Combining (2.10) and (2.15), the ∆VFB of the MIOS capacitor is given by
[80]:
∆VFB =
−∆Q
C
1− tSiO2 +
EOT
2
tSiO2 + EOT

= −∆Q
C
 tSiO2 + EOT − tSiO2 −
EOT
2
tSiO2 + EOT

= −∆Q
(
EOT + tSiO2
εSiO2ε0
)[
EOT
2(tSiO2 + EOT )
]
= −12∆Q
1
CIns
.
In this way, the charge variation of the insulating layer in the MIOS stack
is expressed as:
∆Q = −2∆VFBCIns, (2.17)
from which the charge density variation in the oxide layer per unit area is
obtained.
2.5 Photoionization Spectroscopy
Photoionization (PI) experiment is used to investigate the type of oxide
traps (i.e. being electron or hole trapping centers), their density and energy
level distribution in a MIOS stack. By switching the current meter to
a capacitance meter in an IPE/PC experimental setup, we obtain the
configuration for PI spectroscopy. The light source is a 150 W Xe-arc
lamp, emitting photons with hν range 1.5 - 6.2 eV. After passing the
monochromator Oriel Cornerstone 260, the parallel monochromatic light
illuminates the top semitransparent metal electrode, to which a bias voltage
(Vg) is applied. The photo-induced shift of capacitance-voltage (C-V) curves
of the capacitor stack is probed in darkness using a Boonton 72B 1 MHz
capacitance meter after turning the light off.
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Figure 2.8: The band diagrams of the p-Si/SiO2/trapping layer/Au
structure during (a) the electron injection from the p-Si substrate, and
(b) the four photo-induced electron transitions during the subsequent
illumination of the sample. The inclined dotted lines in the trapping
layer mark the initial 1.3 eV energy depth interval and the two subsequently
incremental 0.3 eV energy depth intervals measured relative to the insulator
CB bottom. The positive bias Vg is applied to the top Au electrode, where
the horizontal dashed lines mark the zero electrical potential, which is
aligned to EF (p−Si).
Using Fig. 2.8, the schematics of electron transitions in the MIOS sample
stack during a PI experiment can be explained as follows: First, electrons
are injected to fill the traps in the studied stack by applying a sufficiently
high positive bias voltage Vg on the top semitransparent metal metal gate to
induce electron tunneling through the SiO2 barrier. [81] In this way, traps
present in the insulating layer are able to capture electrons and become
partially occupied. For the sample stack with a p-Si substrate, the capacitor
usually needs to be simultaneously illuminated (hν < 1.42 eV, generated by
the light from 250 W tungsten filament lamp passing through 0.4 mm thick
GaAs filter) to generate a sufficient amount of electrons by exciting them
from the Si valence band. This is illustrated by the band diagram shown
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in Fig. 2.8(a). After electron trapping, the sample is kept in darkness for
around 10 hours at room temperature (RT) to obtain the stable charge
state and allow the completion of thermally-activated detrapping. This is
ascertained by repetitive measurements of C-V curves until they become
reproducible within the ∼ 20 mV limit.
Next, PI of the trapped electrons is carried out by illuminating the MIOS
capacitor with monochromatic light under positive bias Vg > 0 applied on
the top electrode to collect the liberated electrons. The photon energy used
in the PI experiment was in the range from 1.3 to 6.1 eV: Starting from the
initial hν=1.3 eV, after every one hour exposure the 1 MHz C-V curve is
measured in darkness. After this the photon energy of the illuminating light
is increased by h∆ν=0.3 eV. The energy depth intervals corresponding to
the step-wise increase of the incident hν are indicated by the dotted lines
in the trapping layer in Fig. 2.8(b).
Four types of electron transitions happen in sequence as the photon energy
of the incident light increases. Initially, the traps with energy depth below
the trapping layer CB (Et) less than 1.3 eV (Et ≤ 1.3 eV) below the insulator
CB bottom are emptied to ensure the stability of the trapped charge at RT.
The photoexcited electrons drift away from the insulator layer following
the direction of the electric field, marked as electron transition number 1
in Fig. 2.8(b). Second, the hν of the illuminating light is increased by
0.3 eV allowing the electrons trapped by the defects in the energy depth
interval 1.3-1.6 eV relative to the insulator CB bottom to be photoionized
and removed from the insulator (cf. electron transition number 2 in Fig.
2.8(b)). This PI procedure is repeated every hour with the photon energy
increasing by 0.3 eV at each step.
Third, when electrons from the Si substrate absorb sufficient energy to
surmount the 4.25 eV Si/SiO2 interfacial barrier [81] and thus enter the
insulator layer (cf. electron transition number 3 in Fig. 2.8(b), and the
vertical dashed line in Fig. 2.11), they may be trapped by oxide defects,
resulting in accumulation of negative charge, or else, in a lower charge
removal rate. In this way, the trap density in the trapping layer can no
longer be adequately evaluated because ∆Q is determined by a balance
between trap filling and emptying. Therefore, we limit the PI analysis on
the MIOS capacitors to hν < 4.2 eV. Finally, when the hν of the incident
light is further enlarged, the oxide photoconductivity occurs, marked as
the transition number four in Fig. 2.8(b). It results in annihilation of the
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remaining trapped electrons by holes photogenerated in the oxide valence
band.
Figure 2.9: Trap occupancy versus illumination time in electron-injected
Al2O3 () and LaAl4Ox (©) layers upon exposure to photons with hν=2.8
eV, respectively.
To evaluate the time required to reach exhaustive PI, the relationship
between the trap occupancy and the illumination time is illustrated in Fig.
2.9, where Al2O3 () and LaAl4Ox (©) layers are taken as examples. After
the electron trapping, a 5 h illumination with hν=2.5 eV photon was carried
out, aiming to completely empty the charge trapped down to an energy
depth Et ≤ 2.5 eV. Assuming the relative occupancy of the electron traps
deeper than 2.5 eV to be 100 percent, the illumination with hν=2.8 eV was
performed for different exposure times which leads to the trap occupancy
variation in the energy depth interval from 2.5 to 2.8 eV below the oxide
CB bottom. As can be seen from the results shown, in Fig. 2.9 more than
80 percent of the electrons available for detrapping are removed during the
first hour of illumination (as marked by the vertical solid line). Therefore,
one hour illumination time is sufficient to determine the trap density of the
corresponding energy depth interval within an accuracy limit of about 20
%.
The evolution of the C-V curves of the MIOS capacitor during the PI
experiment is illustrated in Fig. 2.10, taking an a-Al2O3 insulating layer
as the example. After each step, the ∆VFB of the MIOS capacitor is
extracted. The influence of interface traps is minimized by performing the
C-V measurement at high frequency 1 MHz. However, as a consequence
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Figure 2.10: 1 MHz capacitance-voltage (C-V) curves measured on n-Si/4
nm SiO2/12 nm a-Al2O3/Au MIOS capacitor. The observed positive flat
band voltage shift (∆VFB) from the uncharged () to the electron-injected
() state of the sample is indicated by the narrow arrow pointing to the right.
After keeping the sample in darkness for 10 h (4) and after subsequent
exposure to monochromatic light with stepwise increasing energy every hour
(color lines), the C-V curves shift to the left as indicated by the thick arrow.
of the usage of a thin semitransparent metal electrode needed to allow the
optical input, the impact of series resistance (Rs) of the studied MIOS stack
can not be excluded. Therefore, it is necessary to apply a correction to
the measured C of the MIOS stack. The corrected capacitance Cc at the
frequency of interest ω is
Cc =
(G2m + ω2C2m)Cm
a2 + ω2C2m
, (2.18)
where Cm and Gm are the capacitance and the equivalent parallel
conductance measured on the MIOS capacitor, and a = Gm − (G2m +
ω2C2m)Rs (cf. section 5.7.1 in [80]).
The ∆Q per unit area in the specific energy depth interval relative to
the insulator CB bottom of the MIOS stack can be calculated using eq.
(2.17). In Fig. 2.11 the illumination-induced trapped charge variation is
illustrated for the n-(100)Si/4 nm SiO2/20 nm a-Al2O3/Au structure. The
uncharged (as-fabricated) sample is studied as a reference to reveal the
density and energy depth distribution of traps possibly filled during the
sample preparation. The vertical dashed line at ∼ 4 eV marks the reversal
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Figure 2.11: Variation of the charge ∆Q in the a-Al2O3 film in the n-
(100)Si/4 nm SiO2/12 nm a-Al2O3/Au MIOS capacitor as a function of
the incident photon energy during the photoionization process, with Vg=1 V
bias applied to the top Au electrode. The initial oxide charge of the pristine
sample () is taken as the reference value while negative ∆Q is found in
the electron-injected sample (). The vertical dashed line marks the energy
onset of electron injection due to electron IPE from Si into the tunnel SiO2
layer.
point indicating onset of electron IPE from Si and their trapping in the
oxide layer.
Then, the spectral charge density (SCD) as a function of energy depth
relative to the oxide CB minimum Et can be calculated from ∆Q using the
following equation:
SCD(hν, h(ν + ∆ν)) = ∆Q(hν, h(ν + ∆ν))
q∆hν , (2.19)
where q = 1.602 × 1019 C is the elementary charge. An example of the
obtained detrapped charge distribution in shown in Fig. 2.12. Since at
hν >4 eV the electrons photoinjected from Si and the generation of electron-
hole pairs in Al2O3 additionally affects the trapped charge, the SCD-Et
plot can be considered as the representative of the trapped electrons energy
distribution only in the range Et < 4 eV for the a-Al2O3 layers. Also, it is
worth to notice the negative SCD values corresponding to the trapping of
additional electrons in the as-fabricated (uncharged) sample.
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Figure 2.12: Spectral charge density SCD in an a-Al2O3 film versus energy
depth relative to the oxide CB minimum, Et, as measured on the uncharged
(dashed bar) and electron-injected (open bar) samples, respectively. The
vertical dashed line marks the energy onset of electron injection due to
electron IPE from Si into the tunnel SiO2 layer.
To accurately determine the trap energy distribution, there are two
experimental issues that must be solved: (1) the efficient trap charging
and (2) the correct determination of the ∆Q− hν curve reversal point. To
fill the traps, a short bias voltage pulse (∼500 ms) was applied to the top
Au electrode to induce electron injection from Si. Applying a long voltage
pulse may cause electron detrapping from the defects in the trapping layer
while electron injection from Si substrate is stopped when the inner charge
distribution of MIOS stack has reached equilibrium.
To correctly recognize the onset of electron IPE in the ∆Q− hν spectrum,
the knowledge of the studied stack energy band diagram is required. The
reversal of the charging behavior from the electron detrapping to trapping
may be explained by photoinjection of electrons from silicon, which happens
when the incident photon energy exceeds the Si/SiO2 interfacial barrier
height. Using the above discussed ∆Q − hν spectra of a-Al2O3 layers as
an example, at hν =4 eV a clear inversion of ∆Q is seen in the uncharged
sample (), as shown in Fig. 2.11. Moreover, in the sample subjected to
electron injection and trapping (), a decrease in the slope of the ∆Q− hν
curve is observed at hν ≥ 4 eV. From the above analysis of the ∆Q− hν
curves, it becomes clear that the net photoionization of electron traps can
be observed only if IPE from the electrode is absent. As a result, the SCD
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can be considered as the representative of the trapped electrons energy
distribution only for Et < 4 eV in the case of the SiO2 tunnel layer.
Figure 2.13: The energy band diagram illustrating the built-in electric field
induced by trapped charge in the trapping layer in the n-Si/SiO2/trapping
layer/Au stack, which is built up by the high concentration of electron
trapped in the trapping layer. The back-tunneling of electrons from trapping
layer into n-Si substrate may happen in this case even when a positive bias
Vg is applied on the top Au electrode.
In some cases, the onset of IPE may be shifted to a higher hν due to a
large negative charge trapped in the dielectric layer which prevents IPE
from the electrodes, as illustrated in Fig. 2.13. The removal of the electrons
from the trapping layer may occur by electrons drifting to the top electrode
and/or the back-tunneling of electrons to the Si substrate. These two charge
removal processes act together until the charge density decrease to the level
allowing IPE of electrons from Si driven by the applied positive bias.
2.6 Conclusions
By studying the optical electrical transitions in MIS or MIM capacitor stacks
using IPE/PC experiments, we can obtain the most fundamental parameters
to determine the band diagram, i.e. the CB and VB offsets, interfacial
barrier height, and bandgap width of the insulating layer. Consequently,
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this allows us to study the energy depth distribution and density of traps
in the insulating layer of MIOS capacitors. Therefore, by using similar
sample structure and the experimental setup configuration, we are able to
determine the most critical parameters influencing the electronic device
operation.

Chapter 3
Band Alignment and Electron
Traps in Y2O3 on Si/SiO2
Stacks
In this chapter we demonstrate the determination of the interface band
diagram and trap properties in the insulting material of MIOS capacitors
by studying the IPE, PC, and PI opto-electrical transition taking yttrium
oxide (Y2O3) as an example. Y2O3 thin films are proposed as a potential
high-κ charge trapping layer in nonvolatile memory (NVM) devices aiming
at improved programming characteristics and data retention to replace the
conventional Si3N4 layer. To allow for the presence of electron traps with
large Et enabling good charge retention, a sufficiently large Eg is required.
However, a large Eg may imply a high CB offset between Si and the trapping
layer, which may lead to undesirably high write and erase device operating
voltages. The determination of band alignment between Y2O3 and Si is,
therefore, required to evaluate the feasibility of using Y2O3 as a trapping
layer.
An advantageous wide optical bandgap (Eg = 5.6− 5.75 eV) [82, 31], a high
dielectric constant (κ = 18) [83], and low leakage current [84] have been
reported for Y2O3 in the literature. However, there is still lack of reliable
data on the Si/Y2O3 interface band alignment [85, 86] as the available X-ray
photoemission results were obtained without correction made for the sample
charging.[87, 88] The latter factor leads to the apparent CB offset only
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slightly exceeding 1 eV, which cannot account for the observed low level
of leakage current. [84] With respect to electron traps in Y2O3, although
strong electron trapping effects were found in SiO2/Y2O3 stacks [89], no
results regarding trap depth and charge retention have been reported so
far. In this chapter, based on the observed 2.1-eV Si/Y2O3 CB offset, wide
5.6-eV bandgap, and the high density of deep bulk traps (Et > 1.5 eV), we
suggest Y2O3 layer appears to be one of the most promising material to
serve as a trapping layer. [32]
Experimental
The samples were prepared on p-type (100)Si substrates covered with a 2
or 5-nm thick thermal SiO2 film serving as the tunnel barrier, on which
Y2O3 layers of 7, 17, 38, and 55 nm thickness were grown by atomic layer
deposition (ALD) employing the 0.05M Y (thd)3 precursor at 550 oC at
a process pressure of 10 mbar. Some samples were additionally annealed
at 800 oC in N2 ambient for 1 min.[90] Optical properties of yttria were
studied by spectroscopic ellipsometry (SE) in the hν range of 2 − 6.2
eV. For photoelectric experiments MIOS capacitors were fabricated by
thermoresistive evaporation of 15-nm thick Au electrodes of 0.5 mm2 area
on Y2O3. PC and IPE experiments were conducted at room temperature
(T) in the spectral range hν = 2− 6.5 eV with a fixed spectral resolution
of 2 nm. PI experiments were performed at room-T in the spectral range
hν = 1.3− 6.1 eV with a ∆hν = 0.3 eV energy increment per step.
Results and Discussion
A. Si/SiO2/Y2O3 stack energy band diagram
First, the bandgap of the as-deposited and annealed Y2O3 layers Eg(Y2O3) was
determined by analyzing the spectral dependence of the optical absorption
coefficient α normalized to the refractive index n and hν. In the case of
indirect optical transitions, the absorption is expected to increase in the
range hν > Eg as (αhνn) ∝ (hν − Eg)2. [69, 91, 92, 93] Therefore, we
plot (αhνn)1/2 as a function of hν, as shown in Fig. 3.1, and determine
the optical gap from a linear extrapolation of the sharply rising yield in
the range hν >5.5 eV down to the level of sub-threshold absorption, as
illustrated by the straight lines in the figure. By averaging the results
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Figure 3.1: Square root of the optical absorption coefficient α normalized
to the photon energy hν and refractive index n of Y2O3 in the Si/5 nm
SiO2/17 nm Y2O3 stack as a function of hν for as-deposited (∇) and
annealed (; 800 oC,N2, 1min.) Y2O3 films. The vertical lines mark the
inferred optical band gap width of Y2O3.
from Y2O3 layers of different thickness, the value Eg(Y2O3) = 5.7 ± 0.1 eV
is obtained. In addition, as can be seen from Fig. 3.1, the bandgap width
obtained from the data measured on the capacitor with high-T annealed
Y2O3 layer remains unchanged, suggesting that the films have crystallized
already during deposition.
Next, we corroborated the optical analysis by determining the spectral
threshold of the oxide PC corresponding to the Y2O3 band gap width, the
PC yield was plotted in Y 1/2 − hν coordinates, as illustrated in Fig. 3.2
(a) and (b) for as-deposited and annealed Y2O3 layers, respectively. The
Eg(Y2O3) value equals 5.6± 0.1 eV is obtained by averaging the results from
samples with different Y2O3 thickness. This gap width is found unchanged
after thin film crystallization and is in good agreement both with the value
obtained from the SE measurements as well as with the data available in
the literature. [31, 82]
Next, we determined the CB offset using IPE of electrons from the top
of the Si VB to the CB of Y2O3 observed under positive bias applied on
the Au electrode. To determine the spectral threshold of this IPE, the
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Figure 3.2: Y 1/2-hν plot of the PC quantum yield for Si/2 nm SiO2/17 nm
Y2O3/Au capacitors with as-deposited (a) and annealed (b) Y2O3 layers as
measured under positive (open symbols) as well as negative (solid symbols)
bias of the indicated value applied to the Au electrode. The vertical lines
mark the inferred Y2O3 optical bandgap width Eg(Y2O3) = 5.6± 0.1 eV.
data are plotted in Y 1/3 − hν coordinates, as shown in Fig. 3.3 (a) and
(b) for amorphous and crystallized insulating layers, respectively. Linear
extrapolation [73] to the level of sub-threshold photocurrent allows us to
find the CB offset between Si and Y2O3 (Φe(Si/Y2O3)), whose value is 3.2±0.1
eV for both as-deposited and annealed samples, as illustrated in Fig. 3.3.
Interestingly, the applied bias voltage magnitude appears to have minor
impact on Φe(Si/Y2O3) till bias=2.5 V, whereas when bias equals 3 V (∇),
the extrapolated Φe(Si/Y2O3) becomes smaller, which may be explained by
the image force barrier lowering effect. [94]
Using the known bandgap of Si (1.12 eV at 300 K) and the measured value
of Eg(Y2O3)=5.6 eV, we calculated the Si/Y2O3 CB offset and VB offset to
be 2.1 eV and 2.4 eV, respectively. This experimental CB offset between Si
and Y2O3 is in fair agreement with the theoretically estimated offset of 2.3
eV. [95] The obtained PC and IPE experiment results are summerized in Fig.
3.4, showing the inferred energy band diagram of the Si/SiO2/Y2O3 stack.
The measured values Φe(Si/Y2O3) and Eg(Y2O3) in this work are indicated by
vertical arrows.
B. Electron traps in Y2O3
43
Figure 3.3: Determination of the electron IPE threshold energy from Si into
Y2O3 using the Y 1/3-hν plot under different bais was applied on the Au
electrode of Si/2 nm SiO2/17 nm Y2O3/Au capacitors with as-deposited
(a) and annealed (b) Y2O3 layers. The vertical lines indicate the inferred
threshold Φe(Si/Y2O3) = 3.2± 0.1 eV.
Figure 3.4: The schematic energy band diagram of the Si/SiO2/Y2O3 stack,
where Φe(Si/Y2O3) = 3.2 ± 0.1 eV and Eg(Y2O3) = 5.6 ± 0.1 eV have been
determined in the present work.
Upon injecting electrons by tunneling from Si substrate, Y2O3 is found to be
charged negatively, as illustrated by the difference between the initial charge
densities measured on the pristine uncharged sample (−−) and on the
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electron-injected capacitor (−−) as shown in the ∆Q− hν spectra in Fig.
3.5(a). This charge is found to be stable when the voltage is swept to either
positive or negative values, indicating that the electrons are captured by
oxide traps. In order to determine the energy distribution of these electron
traps, we analyzed their PI behavior. The annihilation of the trapped
electrons by hole IPE from Si is excluded because the tunnel SiO2 layer
constitutes a high (> 4.5 eV) barrier for holes, the observed removal of
negative charge indicates photoexcitation of the trapped electrons to the
Y2O3 CB.
Figure 3.5: Variation of the oxide charge ∆Q as a function of photon energy
(a) and SCD versus Et (b) in the Y2O3 layer as measured in the Si/5
nm SiO2/55 nm Y2O3/Au capacitor stack. SCD calculated from ∆Q of
uncharged (−−) and electron-injected (−−) samples are indicated by
dashed and open bars, respectively. The vertical dashed line marks the
energy onset of electron injection due to electron IPE from Si into tunnel
SiO2 layer.
The energy range of trap depth determination in the current PI experiment
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extends from 1.3 eV to 4.0 eV. Shallower traps are likely to have been emptied
at room temperature during high-field electron injection because there is no
measurable shift of the C-V curve after the first exposure to 1.3 eV photons.
The upper limit of the trap energy depth of Et=4.0 eV is determined by
the onset of electron IPE from Si into the CB of the tunnel SiO2 layer.
The injected electrons reach Y2O3 layers where they are captured by traps,
resulting in the reverse point of the photocharging spectral curves. The
SCD of trapped electrons as a function of Et in electron-injected Si/5 nm
SiO2/55 nm Y2O3/Au capacitors (open bar) is shown in Fig. 3.5 (b), in
which the significant density of deep electron traps with Et > 1.5 eV is
found.
The SCD of as-deposited Y2O3 films of thickness from 55 to 7 nm measured
on the electron-injected Si/5 nm SiO2/Y2O3/Au capacitors are compared
in Fig. 3.6. The total SCD in the Et range 1.3-4.0 eV below the Y2O3
CB bottom decreases as the Y2O3 layer thickness becomes thinner, which
indicates that electron traps in Y2O3 are bulk traps that are distributed
throughout the oxide layer.
Figure 3.6: The SCD as a function of Et as measured on electron-
injected Si/5 nm SiO2/Y2O3/Au capacitors with as-deposited Y2O3 layers
of different thickness. The total SCD in the Et range from 1.3 to 4.0 eV in
Y2O3 layer becomes smaller when the layer thickness decreases.
Furthermore, the trap density in Y2O3 layer is found to increase after the
high-T annealing, as can be seen in Fig. 3.7 in which the SCD as a function
of photon energy in shown for the Si/5 nm SiO2/17 nm Y2O3/Au capacitors
with as-deposited (a) and annealed (b) Y2O3 layers, respectively. These
additional traps may be related to an anneal-induced silicate formation.
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Figure 3.7: The SCD-Et plots measured on electron-injected Si/5 nm
SiO2/17 nm Y2O3/Au capacitors of as-deposited amorphous (a) and
annealed crystalline (b) Y2O3 layers, respectively, showing that the SCD
increases significantly after annealing.
The trapped charge stability was tested on Si/5 nm SiO2/17 nm Y2O3/Au
capacitors at room temperature. A charge loss of around 15 % is observed
106 s after tunneling charging, as illustrated in Fig. 3.8. This charge loss
would be consistent with a fraction of shallow (Et < 2 eV) traps observed in
Fig. 3.7. A retention time of around 108 s is estimated by extrapolation of
the charge loss kinetics to the 50 % level [95]. It is worth to mention that
these results are obtained in the sample with the thin 5-nm tunnel SiO2
and without applying any blocking layer on top of Y2O3. The observed long
retention time of Y2O3 is consistent with the presence of deep electron traps
(Et > 1.5 eV) because the energy depth of the trap represents the major
factor determining the electron emission rate in the absence of the blocking
insulator.
Conclusions
The bandgap width of Y2O3 is determined from the Y2O3 PC spectrum.
Then, the energy potential difference between the valence band of Si and
the Y2O3 CB is determined from the spectrum of the electron IPE from Si
to Y2O3. This study is complemented by investigation of electron traps in
the Y2O3 layer by observing their PI behavior. A broad energy distribution
of trapped electrons relative to the Y2O3 CB bottom is revealed. Most of
these traps are deep enough to be filled by electron tunneling from the CB
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Figure 3.8: The charge loss percentage as a function of time in electron-
injected (100)Si/5 nm SiO2/17 nm Y2O3/Au capacitor as measured at room
temperature under zero bias. Dashed lines illustrate the determination of
charge retention time using the 50 % loss criterion. [96]
of the Si substrate through the SiO2 tunnel layer to the Y2O3 CB. The
observed large trap energy depth provides good trapped charge retention
which is observed here even without applying a blocking oxide top layer.

Chapter 4
Al2O3 and Aluminates in Flash
Memory Cells
4.1 Introduction
In contrast to volatile memory devices, nonvolatile memory (NVM) cells
retain the data without the need for a constant power supply. Because of
this, and thanks to the small size and the low power consumption, NVM
devices are widely used in portable electronics such as cell phones, digital
cameras, and tablets. Since the first floating-gate NVM device proposed
by Kahng and Sze in 1967 [96], numerous designs and adaptions have been
made. Among them, the Flash memory represents a type of electrically
programmable/erasable device which features fast erasing speed whereby the
data stored in multiple cells can be erased simultaneously (i.e. block erase)
by applying an appropriate bias voltage. [97] The state-of-the-art Flash
devices can be classified in terms of the electron-retaining mechanism into
(a) the floating-gate (FG) type or (b) trapping-insulator-based devices, as
briefly discussed in chapter 1. For both types of cells, electrons are injected
from the silicon substrate across the SiO2 tunneling layer. The injected
electrons are stored in the floating-gate in the FG type or in the trapping-
insulator layer in the trapping-insulator-based type cells, as illustrated in
Fig. 1.4. The trapped electrons cause a shift of the threshold-voltage of the
Flash cell to a higher value, i.e. the high-threshold programmed state. In
other words, a minimum amount of electrons is required to be retained in
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the charge-trapping layer to keep the Flash cell in the programmed state.
Therefore, one is motivated to minimize the leakage of the Flash cell to
reach a longer data retention time.
The blocking layer is introduced in the Flash cell architecture to enhance
its charge retention characteristics. It is placed between the control gate
and the FG/trapping-insulator layer to provide an interface barrier to
suppress loss of the trapped electrons towards the control gate. Therefore,
the blocking dielectric must have a wide bandgap to provide a high energy
barrier between the trapped electron energy levels and the CB of the blocking
oxide. Moreover, during the device erase, the blocking layer provides the
energy barrier needed to prevent electron injection from the control gate
(i.e., parasitic erase). Again, a blocking oxide with large bandgap width is
preferred to establish a large energy barrier between the Fermi level of the
control gate and the blocking oxide CB minimum.
Next, for blocking layers of the same physical thickness, the application of
a high-κ dielectric instead of SiO2 allows one to reach a lower EOT of the
blocking layer. This enables one to apply a lower programming/erasing bias
to the control gate while keeping a sufficient voltage drop across the tunnel
SiO2 layer to program/erase the Flash cell. In this way, the Flash device
power consumption can be reduced. Furthermore, an ideal blocking dielectric
layer should be trap-free because the imperfections may trap electrons during
erasing. The negative electric field resulting from the electrons trapped in
the blocking dielectric layer may suppress the subsequent electron injection
during programming, leading to an insufficient amount of electrons stored
in the charge-trapping-insulator to re-program the Flash cell. [96, 98] As a
short summary, to fabricate a Flash device with long retention time, low
energy consumption, and numerous programming/erasing life cycles (the
cell endurance), one needs to find a high-κ dielectric with a wide bandgap
and low trap density to serve as the blocking layer in the Flash cell.
The 8.7-eV wide bandgap of crystalline cubic γ-Al2O3 makes it attractive for
application as the blocking dielectric in NVM Flash memory devices. [29]
The γ-Al2O3 film can be obtained by first depositing an amorphous Al2O3
layer (Eg=6.2 eV [28]) on the substrate followed by a crystallization anneal.
In addition, the moderate κ value (∼9 [27]) of Al2O3 gives the possibility
to reduce the device operating voltage, achieving lower power consumption.
Therefore, the energy depth distribution and density of electron traps in
the insulating Al2O3 layer need to be evaluated. This information will help
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to estimate the impact of the parasitic erase on the Flash cell with a Al2O3
blocking layer. Moreover, one is interested in the origin of electron traps
in Al2O3 since the choice of the preparation technique and the parameters
of the fabrication process of the Al2O3 layer should help to avoid the
formation of electron traps. Furthermore, this information may also help
one to evaluate the reliability of Al2O3 in other devices such as solar cells,
in which the Al2O3 film is frequently used as passivation layer. [99, 100]
The energy depth of the electron traps in the Al2O3 layer has been studied
since 1972. A 200-nm thick Al2O3 layer prepared by means of the chemical
vapor-deposition (CVD) technique using AlCl3, CO2 and H2 as precursors
was investigated using the photoionization technique. [62, 101] Traps of
energy depth 2.59 eV below the CB minimum and a fixed charge density
in the order of 10−17 cm−3 were reported. More recently, three broad
distributions of electron traps at energy levels 1.7-2.5 eV, 3.0-3.8 eV, and
3.8-4.9 eV below the CB minimum of the Al2O3 layer were reported by
Whitley and McKeever on the basis of photoionization experiments. [102]
On the other hand, instead of a continuously distributed trap energy levels,
Kim et. al found discrete trap energy levels at ∼2 and ∼4 eV below the
oxide CB bottom in a 40-nm thick AlO−-implanted ALD Al2O3 layer using
PC experiments. [103, 104] In addition to these experimental results in
theoretical work, Liu and Robertson suggested that the most electrically
relevant defects in Al2O3 are related to oxygen vacancies and the calculated
discrete defect energy levels would lie at 2.3, 2.4, 3.0, and 3.9 eV above the
VB edge and 4.8 eV below the CB edge of Al2O3. However, the model used
in their simulation delivers an unrealistic 6.3-eV gap width for Al2O3 in
the cubic β-Ga2O3 structure (experimental value is 8.7 eV) as well as one
defect level lying right at the CB edge of Al2O3 which makes these results
doubtful. [105]
From the above brief overview of the electron trap properties of Al2O3
insulators, it becomes clear that a definite conclusion regarding the Al2O3
trap energy levels, discrete or distributed over a wide energy range, has
not been obtained yet. The issue is addressed in section 4.2 by using PI
experiments to investigate the electron trap properties in amorphous and
crystalline Al2O3 layers. It will be shown that the electron trap energy
levels are distributed continuously from ∼2 to at least 4 eV below the oxide
CB edge in the Al2O3 layer. Moreover, we found that the electron trap
concentration in the Al2O3 layer roughly doubles after the crystallization
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annealing, suggesting that the imperfections in the Al2O3 film can not be
reduced by the annealing or by elimination of the amorphous regions.
Besides the energy level and the trap density, we also address the question
regarding the origin of the electron traps in the Al2O3 insulator. Since
the carbon impurity can not be excluded because of the use of the carbon-
containing precursors in the fabrication process of Al2O3 films, we specifically
analyze the relationship between the carbon density and the electron traps
concentration in Al2O3 films using PI spectroscopy in section 4.3. We
demonstrate that the density of electron traps is not proportional to the
carbon concentration in either amorphous or crystalline Al2O3 layers. The
impact of the ALD oxidants (H2O or O3) and the annealing ambient on the
Al2O3 electron trap properties is also evaluated. Moreover, we use electron
spin resonance (ESR) spectroscopy to monitor the remaining carbon impurity
atom concentration inside the Al2O3 layer after annealing and to verify
whether it is related to the Al2O3 electron traps. ESR results indicate the
presence of two kinds of carbon-related defects, tentatively associated with
carbon clusters. However, their densities are found to change insignificantly
upon corona charging indicating that these centers do not act as electron
traps. Therefore, the electron traps in Al2O3 layers are suggested not to be
related to carbon impurities but related to some intrinsic imperfections.
Furthermore, since the use of dielectrics with higher κ values allows one
to program/erase the Flash cell with a lower bias applied to the control
gate [106], the rare-earth-based lanthanum aluminate LaAl4Ox (κ ∼ 13-
23 [27, 107, 108], Eg−LaAl4Ox=6.0 eV [16]) and gadolinium aluminate
GdyAl2−yO3 (κ ∼12-17 [109], Eg−GdyAl2−yO3=6.7-7.1 eV [110]) may be
of interest because of their higher κ values as compared to Al2O3. In section
4.4, we analyze the energy distribution and density of electron traps in
LaAl4Ox and GdyAl2−yO3 layers to evaluate their potential to serve as the
blocking dielectric in Flash cells. As a major result, in both LaAl4Ox and
GdyAl2−yO3 layers wide electron trap energy distributions from ∼2 to 4 eV
below the CB bottom are found similar to that in Al2O3. Moreover, the
electron trap density is found to roughly double after the crystallization of
the LaAl4Ox layer which, again, resembles the increase of the trap density
in γ-Al2O3. These observations suggest that electron traps in the La- and
Gd-aluminates may have a common origin related to defects in the AlOx
sub-network. Moreover, the incorporation of the second rare-earth cation
(La or Gd) in aluminate layers is found to result in a considerably lower
4.1 Introduction 53
electron trap density as compared to pure Al2O3, which is an advantage
for the rare-earth aluminates intended for application as blocking layer in
Flash cells.
Finally, in section 4.5, the complete Flash cell structure, TaN/Al2O3/
Si3N4/SiO2/Si (TANOS) multi-layer is analyzed to demonstrate that the
PI spectroscopy provides the possibility to investigate electron traps in the
completed Flash cells. Additionally, the interfaces between the Si substrate
and the in-situ steam grown (ISSG) SiO2 or SiOx − SiNy intermixed
(SNOW) films were studied using the IPE spectroscopy to evaluate their
potential for the large-area-processing and the efficient electron injection
applications, respectively. The energy barrier for Si electron injection into
the ISSG SiO2 layer is close to that of the thermal grown SiO2 layer,
ensuring good insulating properties of the ISSG SiO2 layer. On the other
hand, the field-dependence of the interface barrier between the Si and SNOW
layers shows a 0.5-eV reduction at high fields (1.0 MV/cm) and nearly the
same barrier as compared to the thermally grown SiO2 layer at close to
zero fields, allowing easy programming (charging) while maintaining the
good charge retention.
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4.2 Electron Traps in ALD-grown Al2O3
In this section, we investigate the energy depth distribution and the density of
electron traps in the ALD-grown amorphous (a-) Al2O3, and polycrystalline
cubic (γ phase) Al2O3 obtained by using crystallization annealing. We
found the electron trap energy distribution measured relative to the CB
minimum to remain unchanged after the anneal despite the CB upward shift
by ∼0.5 eV in γ-Al2O3 as compared to the CB bottom in a-Al2O3. [61]
This observation suggests that the trap energy is determined by the electron
states of the Al3+ ions which also determine the energy of the CB bottom in
Al2O3. Moreover, the electron trap density almost doubles after the Al2O3
crystallization, revealing that the electron traps can not be eliminated by
annealing.
Experimental
12-nm thick amorphous Al2O3 layers were deposited, using the ALD
technique, from trimethyl-aluminum Al(CH3)3 (TMA) and ozone (O3)
precursors at 300 oC on 4 nm SiO2 tunneling layers thermally grown on
n-(100)Si substrates (nd ≈ 1015 cm−3). The crystallization annealing was
carried out in N2 ambient at 1000 oC for 1 min on some of the Al2O3
samples, resulting in wide-bandgap polycrystalline cubic γ-Al2O3 layers
(Eg=8.7 eV).
To perform the PI experiments, the MIOS capacitor structures were
fabricated by thermoresistively evaporating 15-nm thick Au electrodes
of 0.5 mm2 area through a shadow mask on the Al2O3 layers. No post-
metallization anneal was performed. The PI experiments were performed
at room temperature in the spectral range hν = 1.3− 6.1 eV with energy
steps of ∆hν = 0.3 eV.
Results and Discussion
The variation of charge in the insulating layer (∆Q) towards positive
values, i.e. negative charge removal upon illumination, is observed in the
electron-injected (--) amorphous Al2O3 and crystalline γ-Al2O3 samples,
as illustrated in the ∆Q− hν spectra in the top panels of Figs. 4.1(a) and
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(b), respectively. This indicates a decrease of the negative charge density
corresponding to electron de-trapping from the insulator layer or, else, to
the capture of holes injected from the metal gate. To distinguish between
these two possible mechanisms of trapped electron removal, we repeated
the measurements using uncharged (as-fabricated, marked by --) samples
that have not been subjected to the electron injection and are assumed to
be in the electrically neutral state (∆Q=0) before being subjected to the
illumination. Since no net positive charge trapping was observed as would
occur when holes be captured in the insulating layer, the photoionization
of the filled electron traps should be the major mechanism responsible for
the observed ∆Q in the Al2O3 layer. In other words, the electron traps
represent the dominant kind of charge-trapping defect in the amorphous
and γ-Al2O3 layers.
The difference between the ∆Q value measured at hν=1.3 eV between the
uncharged and the after-electron-trapping layers is much larger for γ-Al2O3
than for a-Al2O3. This observation suggests that in the crystalline γ-Al2O3
layer more electron traps are filled upon the electron injection from Si as
compared to that in the a-Al2O3 layer. In order to determine the energy
depth and the density of the Al2O3 electrons traps, we analyzed the variation
of ∆Q with photon energy to obtain the spectral charge density (SCD) as a
function of trap energy depth below the oxide CB minimum (Et) using eq.
(2.19). The SCD-Et plots of the a-Al2O3 and γ-Al2O3 layers are shown in
the bottom panels of Figs. 4.1 (a) and (b), respectively.
Under illumination with low-energy photons (hν <2 eV), one observes
no significant effect on ∆Q in either the amorphous or crystalline Al2O3
layers, indicating that only a minor amount of electrons is captured by the
traps with Et <2 eV. By contrast, in the spectral range 2<hν<4 eV, the
∆Q-hν curves exhibit an increase in the slope which corresponds to the
removal of a high density of electrons from the amorphous and γ-Al2O3 films.
Furthermore, when hν exceeds 4 eV, a decrease in the slope of the ∆Q-hν
curve is measured on the electron-injected Au/a-Al2O3/SiO2/Si capacitor,
which indicates the PI to become less pronounced. This behavior suggests
that an additional negative charge is introduced into the a-Al2O3 film. The
additional electron-trapping for hν >4 eV can be observed more clearly
on the uncharged amorphous Al2O3 oxide layer, for which the negative
slope of the ∆Q-hν plot, resulting in the negative SCD values, indicates
that the charging behavior of the amorphous Al2O3 layer reverses from the
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Figure 4.1: Plots of the illumination-induced charge variation ∆Q as a
function of photon energy and the SCD versus Et of the as-deposited
amorphous Al2O3 (a) and the annealed crystalline γ-Al2O3 (b) layers grown
on Si/SiO2 substrates. The vertical dashed line marks the energy onset of
the electron injection from Si due to electron IPE from Si into tunnel SiO2
layer.
electron de-trapping to trapping. The generation of the additional negative
charge is caused by the injection of elections by IPE from the Si substrate
surmounting the 4.25-eV Si/SiO2 interfacial barrier, as already explained
in chapter 2. [23]
When the photon energy further increases to ∼6 eV, the slope of ∆Q −
hν curve of the amorphous Al2O3 layer becomes positive again. This
corresponds to the generation of electron-hole pairs in the oxide film since
the bandgap of ALD-grown amorphous Al2O3 layer is 6.2±0.1 eV. [111]
The electron-hole pairs are separated in the electric field and then the
holes recombine with the trapped electrons in the a-Al2O3 layer, which is
equivalent to electron removal, as can be seen in Fig. 4.1(a). It is worth
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mentioning that the crystallization of alumina has a profound effect on the
Al2O3 electronic structure by increasing the bandgap width to ∼ 8.7 eV.
[28] This gap widening occurs in a highly asymmetric way, that is, by a ∼
0.5 eV upward shift for the CB bottom and a ∼ 2 eV downward shift for the
top of the VB. [111] Therefore, the negative charge removal in the spectral
range hν>6 eV in the γ-Al2O3 layer is absent since no electron-hole pairs
generation occurs (the room air is optically transparent till hν ≈6.8 eV).
It becomes clear that for the amorphous Al2O3 layer the pure PI of the filled
electron traps can be observed only for hν<4 eV, while at higher hν the
electrons photoinjected from Si and the generation of electron-hole pairs in
Al2O3 additionally affect the trapped charge. As a result, the SCD- Et plot
can be considered representative of the trapped electrons energy distribution
only in the range Et < 4 eV for the a-Al2O3 layers. In the case of γ-Al2O3,
the electric field generated by the trapped electrons appears to be sufficient
to block the electron IPE from silicon, which allows us to trace the energy
distribution of trapped electrons down to nearly 5 eV below the Al2O3 CB
edge. It may be worth to mention that the presence of deep electron traps
in the γ-Al2O3 layer may lead to a parasitic erase issue because it would be
difficult to provide sufficient energy to remove the electrons trapped at such
deep levels.
In both amorphous and crystalline Al2O3 layers, one observes a continuous
distribution in the energy depth of electron traps, from ∼2 to at least 4
eV below the oxide CB edge. Remarkably, the overall shape of the density
distribution of the traps with Et < 4 eV in the SCD-Et plots remains similar
in the amorphous and γ-Al2O3 films, suggesting a common origin of the
traps. The fact that the resolved Al2O3 electron trap energy depth profile
is unaffected by the shift of the oxide CB bottom suggests that the trap
energy levels shift upwards together with CB edge upon crystallization, i.e,
the trap energy levels are bound to the CB states of Al2O3. Therefore, we
suggest that the trap energy depth is correlated to the unoccupied electron
states of Al cations which also determine the CB edge level of Al2O3. [111]
A high density of electron traps (in the order of 1012 to 1013 cm−2) is
observed in the ALD-grown amorphous Al2O3 layer, as can be seen in the
bottom panel of Fig. 4.1(a). Interestingly, the electron trap density in
Al2O3 appears to be strongly influenced by the oxide crystallization: In Fig.
4.1(b), showing the SCD versus Et plot of the γ-Al2O3 layer, the trap density
resolved in the electron-injected samples roughly doubles as compared to the
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one in the amorphous Al2O3 layer. This increase of the electron trap density
upon oxide crystallization shows that the electrons traps in Al2O3 layers
can not be eliminated by the high-temperature annealing. This observation
suggests that Al2O3 may not be the best candidate for the blocking dielectric
in Flash cells despite the widening of the insulator bandgap in the crystalline
phase. On the other hand, in both the uncharged amorphous and γ-Al2O3
layers a small fraction of electron traps were observed to be occupied by
electrons already during the preparation process.
Conclusions
The broad electron trap energy distribution between 2 to (more than) 4 eV
below the oxide CB minimum is observed both in the amorphous Al2O3
and crystalline γ −Al2O3 layers. The Al2O3 trap density roughly doubles
after crystallization annealing, indicating that the electron trap density can
not be reduced by annealing.
In the crystalline Al2O3 subjected to electron injection, one is able to trace
the presence of electron traps down to ∼5 eV below the CB bottom, revealing
the existence of deep electron traps in crystalline Al2O3 layers. On the other
hand, the presence of deep traps (Et more than 4.0 eV) in amorphous Al2O3
layer can not be excluded though the exact amount of traps can not be
determined. Furthermore, the density of deep electron traps in Al2O3 layers
distributed around 4 eV is found up to be in the range of 1013 cm−2eV −1 in
a 12-nm thick ALD Al2O3 film. The electrons captured by these deep traps
in the blocking Al2O3 layer might cause parasitic erase in the Flash cells.
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4.3 Relationship Between Carbon Impurities and
Electron Traps in ALD Al2O3
The potential importance of carbon impurities in the Al2O3 layer has been
considered since the oxide layer was fabricated using the chemical vapor
deposition (CVD) technique and CO2 was applied as the oxidant. The PI
experiment results showed high densities (∼ 1017 cm−3) of several types of
electron traps and some were probably related to carbon. [62, 101] Recently,
the ALD-grown Al2O3 has attracted considerable technological interest due
to the high conformity of the deposited layers to high aspect ratio structures
and the control of film thickness on the atomic layer level that meets the
aggressive down scaling criteria. [16] Nevertheless, the impact of the carbon
impurity on the insulating properties of the ALD-grown Al2O3 layer is still
a matter of concern due to the use of TMA Al(CH)3 molecules as the metal
source.
The introduction of the carbon-free precursors to thin film fabrication may
improve the insulating property of the thin films. For instance, Devine et al.
have reported that the use of the carbon-free TaF5 precursor as the metal
source to fabricate the Ta2O5 film allows one to obtain a TaO5 layer with
improved physical and electrical properties. [112] Since a decrease of the
defect density also leads to better insulating properties of the oxides, we
are interested to know whether the density of the electron trap, as a kind of
defects, can be reduced by minimizing the carbon impurity concentration.
Therefore, a technique capable of providing the reliable information about
the electron trap properties in Al2O3 layers of different carbon concentration
is needed.
In this section, we investigate the relationship between the electron trap
properties and carbon impurity concentration in the Al2O3 layers using PI
spectroscopy. Different amounts of carbon were introduced into the ALD-
grown Al2O3 layers either by changing the ALD process temperature or by
altering the dose of the ion-implanted carbon. The energy depth distribution
and density of electron traps in the amorphous and/or crystalline phases of
these Al2O3 layers are investigated to find out whether determine if they are
correlated to the amount of carbon impurity. Moreover, the ESR experiment
is used to determine whether the carbon remains inside the Al2O3 layers
after annealing. Furthermore, by analyzing the variation of the ESR-active
centers density upon the corona charging, we investigated whether or not
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the carbon-related defects represent electron traps. The ESR experiments
and analysis are done in cooperation with Dr. A. P. D. Nguyen and Prof.
A. Stesmans.
As the major result, we found that though the high electron trap density
is observed in amorphous Al2O3 layers with high carbon content, there
appears no quantitative proportionality relationship between the Al2O3
electron trap density and the carbon amount. Interestingly, in the case
of crystalline Al2O3 films, a lower density of trapped electrons is found in
the layers with the higher carbon content before being subjected to the
post-implantation annealing. This may be explained by the presence of a
high density of defects leading to a higher electrical conductivity of the oxide.
Moreover, the charge-trapping behavior of the two kinds of carbon-related
paramagnetic defects in the c-Al2O3 films identified using ESR experiments
suggests that they do not act as electron traps. Therefore, we suggest that
the electron traps found in the classically fabricated Al2O3 layers are not
related to carbon and probably represent intrinsic imperfections.
4.3.1 Low-T deposited ALD Al2O3 layers
Lowering the ALD temperature is found to result in increased carbon content
in the amorphous Al2O3 layers. In this section, we use PI spectroscopy
to investigate the relationship between the electron trap density and the
carbon impurity concentration in the Al2O3 layer quantitatively. Also, the
impact of the use of ozone (O3) or water (H2O) as the oxidant in the ALD
process to fabricate the Al2O3 layers on the density of electron traps is
studied. The influence of the annealing ambient, N2 or O2, on the electron
trap properties of the crystalline Al2O3 films is analyzed, also with the
intend to evaluate the possibility that oxygen-deficiency represents a factor
influencing the trap density.
Sample preparation
The 20-nm amorphous (a-) Al2O3 films were ALD-grown using TMA as
the metal source and O3 or H2O as the oxygen precursor on p-Si substrates
covered with a 4-nm in-situ-steam-generated (ISSG) SiO2 layer. Different
concentrations of residual carbon were introduced into the Al2O3 layers by
changing the deposition temperature (T) from 100 oC to 200 oC or to 300
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oC. The corresponding carbon atomic concentration was determined, using
XPS, to be 4 %, 0.7 %, and ≤0.5 % (below the detection limit), respectively.
After exposing to clean room air, on top of some sample stacks an additional
10-nm Al2O3 capping layer was deposited as blocking layer, using O3 as
the ALD oxidant at 300 oC. Afterwards, some of the Al2O3 samples were
subjected to post-deposition annealing (PDA) in N2 or O2 ambient at 1000
oC at 1 atm for 1 min. The parameters used for the processing of the low-T
deposited set of Al2O3 samples are summarized in Table 4.1.
To perform the PI experiment, MIOS capacitor structures were fabricated
by thermoresistively evaporating 15-nm thick Au electrodes of 0.5 mm2 area
through a shadow mask on the Al2O3 layers. No post-metallization anneal
was performed. PI experiments were performed at room temperature in the
spectral range hν = 1.3− 6.1 eV with an energy step of ∆hν = 0.3 eV.
Results and Discussion
The negative charge ∆Q measured after electron injection in the a-Al2O3
layer is found to be the largest in the one deposited at 100 oC (A1) among
the three a-Al2O3 layers prepared using O3 oxidant. This can be seen from
the first point in the ∆Q− hν spectra measured on the Si/SiO2/Al2O3/Au
capacitors of the a-Al2O3 films prepared at 100 oC (A1), 200 oC (A6), and
300 oC (A9) shown in the top panels of Fig. 4.2(a), (b), and (c), respectively.
The negative ∆Q value which can be read at hν=1.3 eV becomes smaller
when the deposition temperature rises, corresponding to a lower density of
filled electron traps in the a-Al2O3 layers. However, this reduction is not
quantitatively proportional to the decrease of the carbon content found by
XPS.
Interestingly, the difference between the values of ∆Q measured at hν=1.3
eV and 4 eV, i.e., before the electron IPE from Si starts, is reduced to
approximately one third in the a-Al2O3 layer deposited at 200 oC (A6) as
compared to that in the a-Al2O3 film prepared at 100 oC (A1). However,
this difference in the ∆Q value then remains almost unchanged for the
a-Al2O3 layer deposited at 300 oC (A9). The SCD-Et plots of a-Al2O3 films
subjected to the electron injection reveal that the density of electron traps
with Et <4 eV is higher when the a-Al2O3 film is deposited at 100 oC as
compared to the trap density observed on the a-Al2O3 layers prepared at
200 oC. However, the further lowering of the carbon impurity level, from 0.7
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to ≤0.5 at%, is found to have only a minor impact on the density of these
electron traps in a-Al2O3, as illustrated in the bottom panels of Fig. 4.2.
Therefore, we suggest that there is no quantitative correspondence between
the density of electron traps with Et <4 eV and the carbon concentration
in the a-Al2O3 films.
Next, we observe that the electron trap density is distributed almost
uniformly in the trap depth range 1.3< Et <4 eV in the a-Al2O3 layer
prepared at 100 oC. By contrast, the electron trap density increases with Et
in the a-Al2O3 films deposited at 200 oC or 300 oC. Moreover, the shallow
electron trap (Et <2 eV) concentration becomes almost not measurable
in the a-Al2O3 layer prepared at 200 oC and 300 oC, which is similar to
the behavior observed on the 12-nm thick a-Al2O3 layers as shown in Fig.
4.1(a). These observations may indicate that the reduction of the carbon
concentration in the a-Al2O3 layer mainly has an impact on the density of
electron traps with Et ≤2 eV and as increases the density of deep traps that
are resistant to the optical depopulation (cf. Fig. 4.2).
However, the density of the Al2O3 electron traps with Et > 4 eV can not be
reliably quantified because the change in ∆Q is influenced by the capture of
electrons injected from Si. [19, 32] Therefore, despite the electron-trapping
resulting in a negative slope of ∆Q− hν curves at hν >4 eV as measured
on the uncharged a-Al2O3 films prepared using O3 oxidant, this cannot be
exclusively explained by the capture of electrons by electron traps with
Et ≥4 eV since the previously emptied trap with Et <4 eV may re-capture
electrons as well.
Furthermore, to evaluate whether or not the use of different oxidant affects
the electron trap properties in the a-Al2O3 layer deposited at 300 oC, O3 was
replaced by H2O as the oxygen precursor (A14). The ∆Q values measured
after electron injection in the a-Al2O3 layers deposited at 300 oC using H2O
and O3 oxidants are found to be similar, as illustrated in the ∆Q − hν
spectra of Fig. 4.3 and Fig. 4.2(c), respectively. This indicates that a
similar density of electron traps is filled upon the electron injection. While
the difference in the ∆Q values measured at hν=1.3 eV and at hν= 4 eV is
slightly different, a similar shape of the electron trap energy distributions
is observed for the a-Al2O3 layers deposited at 300 oC using H2O or O3
oxidant, as illustrated in the bottom SCD-Et panels in Fig. 4.3 and Fig.
4.2(c), respectively. Therefore, we suggest that the choice of H2O or O3 as
the ALD oxidant has little impact on the density of electron traps with Et <
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Figure 4.3: The plots of the illumination-induced charge variation ∆Q as
a function of hν and the SCD versus Et measured on Si/SiO2/Al2O3/Au
capacitors of 20-nm amorphous Al2O3 layer prepared at 300 oC using H2O
as the ALD oxidant (sample A14).
4 eV in the a-Al2O3 layer with low carbon content (< 0.5 at%). By contrast,
a much smaller increase in the density of filled electron traps upon electron
injection is observed for the uncharged a-Al2O3 film prepared using H2O
oxidant at 300 oC as compared to the O3-deposited one (c.f. Fig. 4.1(a)
and Fig. 4.2(c)). This may be due to the different properties of the deep
electron traps with Et ≥ 4 eV since the more shallow electron trap energy
distribution and density of electron traps with Et < 4 eV are similar.
After PDA in N2 (1000 oC; 1 min.), the a-Al2O3 films deposited at 100 oC
(A2) or 200 oC (A7) become crystalline and are found to loose the capability
to trap negative charge upon electron injection. On the other hand, a large
amount of filled electron traps is observed on the N2-annealed c-Al2O3
layers which were obtained by the crystallization of a-Al2O3 layers prepared
at 300 oC using O3 (A10) and H2O (A12) as the oxidant, as illustrated in
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Figure 4.4: The ∆Q versus photon energy and the SCD versus Et plots
measured on Si/SiO2/Al2O3/Au capacitors with a 20-nm thick ALD Al2O3
layer deposited at 300 oC using O3 (a, sample A10) and H2O (b, sample
A12) as the oxidant and then subjected to N2 PDA.
the top panels in Fig. 4.4(a) and (b), respectively. The densities of electron
traps with Et <4 eV are found to (at least) double in these c-Al2O3 films
as compared to the a-Al2O3 layers, which can be seen by comparing the
SCD-Et plots in Figs. 4.4(a) to Fig. 4.2(c) and in Figs. 4.4(b) to Fig.
4.3, respectively, for the cases of O3 and H2O oxidants. Therefore, the
increase of the Al2O3 electron trap density after the thin film crystallization
is generally observed.
Interestingly, the trapped negative charge density observed after electron
injection in the ∆Q-hν spectrum in Fig. 4.4(a) is approximately double of
that shown in Fig. 4.4(b). This indicates a higher concentration of electron
traps filled upon electron injection in the N2 annealed c-Al2O3 film obtained
by the crystallization of the a-Al2O3 film prepared at 300 oC using O3
oxidant (A10) than in the layer grown using H2O oxidant (A12). However,
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the SCD-Et plots show that the difference in the energy distribution and in
the density of electron traps with Et <3.7 eV between these two samples
is minor. Only the concentration of electron traps with Et ranging from
3.7 to 4 eV is ∼2 times higher in the O3-grown Al2O3 film as than that in
the H2O-grown sample, as can be seen in the bottom panels in Fig. 4.4.
The variation of the density of the electron traps filled upon the electron
injection in these two c-Al2O3 layers may be caused by the different densities
of the deep electron traps with Et ≥4 eV. Therefore, for the c-Al2O3 layers
obtained by the crystallization of a-Al2O3 films deposited at 300 oC, the
use of H2O oxidant to replace O3 is shown to have only little influence on
the electron traps with Et <3.7 eV. However, this change of the oxidant
probably leads to the reduced concentration of deeper electron traps with
Et ≥4 eV.
In order to analyze the influence of the annealing ambient on the Al2O3
electron trap properties, the a-Al2O3 film deposited at 100 oC using O3
oxidant and the ones fabricated at 300 oC (A2 and A4) using H2O oxidant
(A12 and A13) were subjected to annealing in oxygen or in nitrogen ambient.
We found no measurable stable electron trapping in these oxygen-annealed
samples. For the a-Al2O3 films deposited at 100 oC using the O3 oxidant,
and then subjected to either N2 (A2) or O2 (A4) annealing, the same low
electron-trapping ability of the crystalline layer is found. On the other hand,
for the a-Al2O3 layers fabricated at 300 oC using H2O oxidant, subjected
to the crystallization annealing in O2 (A13) ambient instead of N2 (A12)
leads to the loss of the ability to trap electrons in the c-Al2O3 layers.
Next, to explore the influence of the carbon contamination, we investigated
10-nm Al2O3 blocking layers fabricated at 300 oC using O3 oxidant on top
of Si/SiO2/Al2O3 structures with 20-nm a-Al2O3 layers and then subjected
to annealing. These Al2O3 bi-layers are found to trap electrons despite the
fact that the 20-nm c-Al2O3 films alone were unable to trap the charge. For
instance, for the 20-nm a-Al2O3 films prepared at 100 oC using O3 oxidant
and then subjected to either N2 (A2) or O2 (A4) annealing, the crystalline
layers do not trap electrons upon the injecting pulse. By contrast, when the
Al2O3 blocking layers were added before annealing, the ∆Q values are found
to become negative upon the electron injection for the N2 (A3) and O2 (A5)
annealed stacks with the dual c-Al2O3 insulating layers, as illustrated in the
top panels of Fig. 4.5(a) and (b), respectively. Moreover, the SCD-Et plots
show that the electron traps in these two N2 and O2 annealed samples have
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a broad energy depth distribution from ∼2 to 4 eV below the Al2O3 CB
minimum and trap densities in the order of 1012 cm−2. The result suggests
that absorption of carbon containing molecules (CO, hydro-carbons) may
play a role in the electron trap formation.
Figure 4.5: The ∆Q versus photon energy and the SCD versus Et plots
measured on Si/SiO2/20-nm Al2O3/10-nm blocking Al2O3 capacitors. The
20-nm ALD Al2O3 layer was deposited at 100 oC using O3 oxidant and
then, with air exposure between the two ALD runs, the 10-nm blocking
Al2O3 film is deposited at 300 oC using O3 oxidant. The bi-Al2O3 layers
are subjected to N2 (a, sample A3) or O2 (b, sample A5) PDA.
Conclusions
In a-Al2O3 layers, no quantitative agreement between the electron trap
density and the carbon impurity concentration is observed. The replacement
of O3 by H2O as the oxidant to fabricate the a-Al2O3 layers in the ALD
process has little impact on the energy distribution and the density of
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electron traps with the energy depth Et <3.7 eV while it leads to reduced
concentration of the deep traps with Et ≥3.7 eV in both the amorphous
and the N2 annealed γ-Al2O3 films. The electron trap densities generally
increase after the crystallization of the Al2O3 layers. The a-Al2O3 films
with the low carbon content prepared using O3 oxidant and then crystallized
by annealing in N2 ambient are found to trap electrons while the layers
subjected to O2 annealing become leaky. This may imply the presence of a
higher density of gap states in the c-Al2O3 layers annealed in O2 ambient as
compared to those annealed in N2, possibly due to aluminosilicate formation.
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4.3.2 Ion-implanted Al2O3 layers
To precisely control the concentration of carbon impurities in the amorphous
Al2O3 layers, carbon was introduced through the implantation of several
controlled carbon ion doses. In addition, an argon (Ar)-implanted Al2O3
sample is analyzed to serve as the low carbon content reference which allows
one to reveal whether the electron traps in the Al2O3 layer are related to
carbon or else, to the implantation-induced oxide damage.
Sample preparation
The studied 20-nm a-Al2O3 layers were deposited using the ALD technique
on a 4 nm ISSG SiO2 tunneling layer grown from TMA and H2O precursors
at 300 oC on a p-(100)Si substrate. Afterwards, the C+ or Ar+ ions of
different kinetic energies (Ek) and doses were implanted into the Al2O3
stacks at 20 oC. Then, the samples were subjected to PDA in N2 ambient at
1000 oC or in O2 ambient at 1100 oC at 1 atm for 1 min. The ion-implanted
sample set details are given in Table 4.2.
To perform PI experiments, MIOS capacitor structures were fabricated by
thermoresistively evaporating the 15-nm thick Au electrodes of 0.5mm2 area
through a shadow mask on top of the Al2O3 layers. No post-metallization
anneal was performed. PI experiments were performed at room temperature
in the spectral rang hν = 1.3− 6.1 eV with energy steps of ∆hν = 0.3 eV.
Table 4.2: Ion implantation and annealing parameters of the studied C+ or
Ar+-implanted Al2O3 samples.
Sample B1 B2 B3 B4 B5 B6 B7
Im
pl
an
ta
tio
n Ion Ek (keV) Dose (cm−2)
1× 1014 x x
C+ 3 7× 1014 x x
4× 1015 x x
Ar+ 8 2× 1014 x
PD
A N2 (1 atm; 1000 oC; 1 min) x x x x
O2 (1 atm; 1100 oC; 1 min) x x x
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Results and Discussion
The N2 annealed c-Al2O3 layers are analyzed using PI spectroscopy to
evaluate the impact of the implanted carbon dose on the properties of
electron traps in the c-Al2O3 layers. The ∆Q− hν spectra of these c-Al2O3
samples, with a carbon dose of 1×1014 cm−2 (B1), 7×1014 cm−2 (B2), and
4×1015 cm−2 (B3) implanted in the amorphous alumina films (before PDA
in N2), are illustrated in the top panel of Fig. 4.6(a), (b) and (c), respectively.
The ∆Q values in the electron-injected samples shown at hν = 1.3 eV are
smaller in the heavier carbon-doped Al2O3 samples, indicating that less
electrons become trapped.
Interestingly, for the N2-annealed carbon-doped Al2O3 layers subjected to
electron injection, the SCD-hν plots show a reversal of the oxide charging
behavior from the electron detrapping to trapping to happen at hν ∼4.6
eV, as can be seen in the bottom SCD-Et plots in Fig. 4.6. This may be
explained by the fact that, while the Si/SiO2 barrier remains unchanged,
the negative charge trapped in the Al2O3 layer shifts the CB edge of the
SiO2 at the Al2O3 side upwards and the electron injection from Si becomes
possible at higher hν. The same effect is also observed in the O2-annealed
carbon-doped and N2-annealed Ar-implanted samples, as illustrated in Fig.
4.7 and Fig. 4.8, respectively.
We found the density of the trapped electrons to be the highest in the
Al2O3 layers implanted with the lowest carbon dose before crystallization,
as illustrated in the bottom panels in Fig. 4.6. This may be explained
by enhanced electron conduction in the heavily carbon-implanted Al2O3
films. The increase of electrical conduction with increasing implanted carbon
dose is revealed by the increase of the dark leakage current independently
measured on these samples. Apparently, the high conduction allows the
trapped electrons to escape.
Similarly, for the Al2O3 layers subjected to O2 crystallization annealing
(1100 oC), it is found that less electrons are trapped in the Al2O3 layer when
the carbon implantation dose is larger. This can be seen by comparing the
∆Q values at hν = 1.3 eV measured on the electron-injected samples with
c-Al2O3 layers implanted by a carbon dose of 1×1014 cm−2 (B4) or 7×1014
cm−2 (B5) in the amorphous phase, as illustrated in the top panels of Figs.
4.7(a) and (b), respectively. Interestingly, the a-Al2O3 film subjected to the
implantation of 4×1015 carbon ions per cm2 and then subjected to O2 PDA
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Figure 4.7: The ∆Q− hν spectra (top panels) and SCD-Et plots (bottom
panels) measured on the Si/SiO2/Al2O3/Au capacitors with 20-nm-thick c-
Al2O3 layers, which in the a-Al2O3 phase were implanted by C+ to doses of
1×1014 cm−2 (a, sample B4) and 7×1014 cm−2 (b, sample B5), respectively,
and then subjected to O2 PDA (1100 oC).
(B6), is found to loose the ability to keep electrons trapped, likely, again,
due to the high electrical conductivity.
It may be worth to mention that, for Al2O3 layers implanted with the same
carbon dose before crystallization, a higher density of trapped electrons is
found in the c-Al2O3 films subjected to O2 PDA than in those annealed in
N2 ambient, as can be seen by comparing the ∆Q values at hν=1.3 eV in
the top panels of Fig. 4.7 to those in Fig. 4.6. However, in the O2-annealed
samples the density of electron traps with Et ranging from 3 to 4.6 eV
remains close to those in the N2 annealed ones, as can be seen by comparing
the SCD-hν plots in Fig. 4.7 to those in Fig. 4.6 for the electron-injected
structures.
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Figure 4.8: The ∆Q− hν spectra (top panel) and SCD-Et plots (bottom
panel) measured on the Si/SiO2/Al2O3/Au capacitors with 20 nm c-
Al2O3 layers, which in the amorphous phase were subjected to the Ar+-
implantation (Ek=8 keV) before being crystallized by annealing in N2 at
1000 oC (sample B7).
Next, the observed energy distribution of Al2O3 electron traps suggests
most of them to be deeper than ∼3 eV below the Al2O3 CB minimum.
This is ∼1 eV deeper than the distribution of traps in the c-Al2O3 layers
with the carbon impurity introduced during the ALD process instead of
post-grown ion-implantation, as can be seen in Figs. 4.1(b) and Fig. 4.4(a).
Therefore, both the variation of the electron trap density versus carbon
impurity concentration and the energy level distribution of the electron
traps in the carbon-implanted Al2O3 samples appear to be dissimilar to
those in the unimplanted Al2O3 films. Moreover, most of the electron traps
in the Ar-implanted c-Al2O3 layer (B7) are found to be distributed & 3
eV below the oxide CB edge, as can be seen from the SCD-Et plot shown
in Fig. 4.8(b). Therefore, we suggest that the electron traps found in the
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ion-implanted Al2O3 samples are not related to the carbon impurity itself
but, instead, are generated by the structural damage caused by the ion
bombardment.
Conclusions
The electron traps in the studied carbon ion-implanted Al2O3 samples
are suggested to be unrelated to defects involving carbon atoms. They
appear to be associated with structural imperfections generated by the ion
bombardment and remaining after crystallization annealing. Therefore, the
ion-implantation seems to be an inappropriate method to introduce carbon
impurities into the ALD-grown a-Al2O3 films in order to investigate the
relationship between the Al2O3 electron traps and the carbon impurity.
On the other hand, the high concentration of deep electron traps with Et
ranging from 3 eV to at least 4.6 eV is found in Al2O3 layers subjected
to both N2 and O2 PDA. This result indicates that the high-temperature
annealing is not efficient in removing the electron traps from ALD-grown
Al2O3 films.
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4.3.3 ESR analysis of carbon-related defects in Al2O3 layers
Electron spin resonance (ESR) spectroscopy was used to analyze the
influence of carbon introduced into the Al2O3 layers on the observed
paramagnetic defects, and to determine their concentrations, which may be
compared to the density of electron traps. In combination with positive or
negative corona discharging, we investigate the charge trapping behavior of
the paramagnetic centers.
Experimental
The samples studied here were (100)Si/SiO2(4 nm)/Al2O3(20 nm) stacks.
Carbon was introduced into the Al2O3 layer either by using the low-T
ALD process or by the ion-implantation, with processing parameters being
listed in Tables 4.3 and 4.4, respectively. The sample preparation was
described in more detail in sections 4.3.1 and 4.3.2. Prior to the ESR
measurements the samples were exposed to 10-eV photon illumination to
ensure photodissociation of hydrogen from the dangling bond defects possibly
passivated during the sample processing.
By using the unpaired electron states as local structure probes, the
ESR technique can provide information regarding the defect structure
at atomic scale. Low-T ESR measurements were performed using a K-band
spectrometer operating at 20.5 GHz and 4.2K. While generally beneficial
for the ESR signal detection, the low-T measurements suffer from signal
saturation (distortion) effects which mandates an appropriate reduction of
the incident microwave power Pµ as well as lowering of the magnetic field
modulation amplitude Bm, to ensure that no first-derivative signal distortion
occurs. Signal-to-noise ratio was further improved by the appropriate signal
averaging (typically ∼100 scans).
Routinely, the conventional continuous wave low-power first derivative-
absorption (dPµ/dB) spectra were measured through applying sinusoidal
modulation (∼100 kHz; Bm '0.77 G) of the externally applied magnetic
static field −→B . The g factor (matrix) serves as the fingerprint of a specific
defect. Paramagnetic defect densities were determined through the double
numerical integration of the detected dPµ/dB signals by comparison to the
signal of a co-mounted, point-like, Si:P marker [113] (S=1/2), which also
serves as a g marker [g(Si:P)=1.99869 at T=4.3K]. Proper corrections for
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the relative position of the sample and of the maker in the cavity were
applied when calculating the absolute intensity of the detected signals.
To charge the defects in the Al2O3 layer, corona discharging in air [114] was
applied to the C+ or Ar+ implanted SiO2/Al2O3 structures. The scheme
of the positive corona discharge in air on a (100)Si/SiO2/Al2O3 stack is
illustrated in Fig. 4.9: A sharp metal tip serving as the corona electrode
was placed at about 2 cm above the sample surface and then biased by
positive voltage (∼8400V) to produce a positive electric field and ionize the
air around the tip. The dashed lines show the electrical field lines. Positive
ions, (H2O)nH+, are generated at the tip and then drift towards the sample
surface, as indicated by the black arrows. A thin Al layer was deposited on
the back side of the sample to ensure electrical contact.
The (H2O)nH+ ions are passing through a long air path and, therefore,
are thermalized by collisions with air molecules. As a result, they arrive
at the Al2O3 surface with a mean kinetic energy of around the thermal
energy (0.025 eV at 300K). [114] The positive ions residing at the sample
Figure 4.9: Scheme of the positive corona discharge in air, used to apply
an electric field to the (100)Si/SiO2/Al2O3 structure. The positive ions
(H2O)nH+ are deposited on the sample surface, forming a positive electric
field which results in electron tunneling from Si substrate through the SiO2
layer. Thus, the electron traps in Al2O3 become filled, i.e. the Al2O3 layer
is charged negatively.
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surface generate the electric field, causing electron tunneling through the
SiO2 layer and injection into the Al2O3 layer. Similarly, for the negative
corona discharge in air, negative CO−3 ions were deposited on top of the
Al2O3 layer causing tunneling of holes from the substrate to the oxide. This
hole injection allowed us to charge the hole traps in the oxide. [115] As a
result of tunneling, the charge carriers do not remain in the SiO2 tunnel
layer but interact with the defects located in the Al2O3 film. [116]
Results and Discussion
Several defect centers, including E′, Pb0, Pb1, Cl and C2 centers, are observed
in the Al2O3 samples prepared by the low-T ALD, as listed in Table 4.3.
For the C ion-implanted Al2O3 samples, E′, EX, Cl and C2 defect signals
are found, as listed in Table 4.4. The sample description, defect type and
the calculated density are listed, where "-" indicates the corresponding signal
is not observed, i.e. it is below the detection limit of the ESR. An argon-
implanted Al2O3 layer is also analyzed, serving as a reference to evaluate
the influence of the oxide network damage.
Being most relevant to the present study, the C1 and C2 defects appear to
be related to carbon since both defects are observed only in the C-implanted
samples, but not in the Ar-implanted one. This indicates the presence
of carbon even in the high-temperature annealed c-Al2O3.An equal zero
crossing g value of gc=2.003 is found for both Cl and C2 centers. However,
C1 and C2 ESR lines have different peak-to-peak line widths (4Bpp) of 20
G and 9-10 G, respectively. We used the SRIM code to estimate the mean
projected range of C+ and Ar+ ions implanted into the Al2O3 layer, found
to be around 7.9 and 9.2 nm, respectively. With these values in mind, we
conclude that both C1 and C2 defects are located inside the 20-nm Al2O3
layer. Importantly, the C1-defect density is found to increase linearly with
the C implantation dose in both N2 and O2 annealed carbon-implanted
Al2O3 samples, as shown in Fig. 4.10.
In the low-T ALD deposited Al2O3 layers the C1 and C2 signals remain
below the ESR sensitivity limit (∼ 1011 cm−2) before annealing which might
suggest that C1 and C2 centers form only upon high-temperature treatment.
For the Al2O3 layers with the same carbon concentration in the as-deposited
amorphous phase, the C1 density appears to be higher in the stack subjected
to O2 annealing. The same trend is also observed for the carbon-implanted
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Table 4.3: Sample properties and density of ESR-active centers in low-T
deposited Al2O3 samples.
Deposition T [C] PDA Defect density (10
12 cm−2)
(1 atm; 1 min) [E’] [Pb0+Pb1] [C1] [C2]
100 oC 4 % none low high - -
300 oC <0.5 % none - low - -
100 oC 4 % N2; 1000 oC - - 12.0 5.0
100 oC 4 % O2; 1000 oC - - 19.0 10.0
Table 4.4: Sample properties and density of ESR-active centers in C ion-
implanted Al2O3 samples.
Implantation PDA Defect density (10
12 cm−2)
(1 atm; 1 min) [E’] [EX] [C1] [C2]
C; 3 keV; 1× 1014
N2; 1000 oC
0.36 0.82 ≤1.0 -
C; 3 keV; 7× 1014 0.12 0.77 3.80 -
C; 3 keV; 4× 1015 - 0.80 17.0 -
C; 3 keV; 4× 1015 O2; 1100 oC - 0.22 19.0 8.0
Ar; 8 keV; 4× 1015 N2; 1000 oC 0.24 0.65 - -
samples, as can be seen in Table 4.4. On the other hand, for this set of
samples the C2 signal was only observed in the Al2O3 layers subjected to
O2 PDA while it appears to be below the the ESR sensitivity limit in the
carbon-implanted Al2O3 films annealed in N2. Therefore, we suggest that
the C2 centers are preferably formed in an O-rich surrounding. It may be
worth mentioning that whenever C2 centers are detected, their density is
about one half of [C1] in both the low-T deposited and the C ion-implanted
Al2O3 layers.
To verify whether or not the carbon-related centers may trap charge and,
therefore, may be correlated to the electron traps, we compared the ESR
results for C+- and Ar+-doped samples after corona biasing. As listed in
Table 4.5 and also plotted in Fig. 4.10, the density of Cl centers remains
nearly the same after the positive corona stressing for both the N2 and O2
annealed samples. This indicates that the injected electrons do not interact
with the Cl centers in the carbon-implanted Al2O3 layers. By contrast, after
negative corona discharge (hole injection), the C1-center density decreases
in the heavier carbon-doped samples and may even dive below the ESR
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Figure 4.10: The C1 center density in Al2O3 layer as a function of the C
implantation dose in the N2 annealed Al2O3 layer without changing (©),
and after applying positive () or negative () corona discharge in air,
respectively, or in O2 annealed Al2O3 layer after none, positive (4), and
negative (N) corona discharge, respectively.
detection limit for the lighter carbon-doped ones. The results suggests that
the C1 centers are inactivated upon the hole injection.
The influence of the corona stressing on C2 centers in the Al2O3 layers is
marginal, as can be seen from the defect densities listed in Table 4.6. The
density of C2 centers is found nearly unchanged after either the positive or
negative corona treatment of the sample annealed in O2. The results imply
that the C2 center remains neutral, i.e., it does not interact with the injected
charge carriers. It is worth to recall here that for the Ar-implanted samples,
the densities of C1 and C2 centers remain below the ESR sensitivity limit
in all the discussed cases, solidifying the agreement of C1 and C2 center as
the carbon-related defect centers.
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Table 4.5: The C1 defect density [C1] in the ion-implanted Al2O3 layers
after stressing the sample by corona discharging in air.
Implantation PDA [C1] (10
12 cm−2)
Corona polarity
(1 min) None Positive Negative
C; 3 keV; 1× 1014
N2; 1000 oC
≤1.0 1.0 -
C; 3 keV; 7× 1014 3.8 4.7 -
C; 3 keV; 4× 1015 17.0 18.0 13.0
C; 3 keV; 4× 1015 O2; 1100 oC 19.0 19.0 13.0
Ar; 8 keV; 4× 1015 N2; 1000 oC - - -
Table 4.6: The C2 defect density in Al2O3 layers after subjected to corona
discharging in air.
Implantation PDA [C2] (10
12 cm−2)
Corona polarity
(1 min) None Positive Negative
C; 3 keV; 4× 1015 O2; 1100 oC 8.0 8.2 7.7
The often observed ESR signals, namely, E′ [117, 118], EX [119, 120], Pb0,
and Pb1 [121, 122] are not further discussed here since they have been
identified as defects residing in SiO2 and at the Si/SiO2 interface and,
therefore, do not represent Al2O3-related defects.
Conclusions
The ESR results suggest that residual carbon remains in the c-Al2O3
layers even after the high-temperature (1100 oC) annealing and results
in generation of two kinds of carbon-related paramagnetic centers C1 and
C2. We found that the density of the C1 center may be reduced by lowering
the carbon impurity concentration in the a-Al2O3 layer. The use of O2
ambient instead of N2 results in the higher densities of both Cl and C2
centers. Importantly, both Cl and C2 defects are unable to trap electrons
upon the electron injection and, therefore, can not be related to the electron
traps in the Al2O3 layers. Most probably then, the electron trapping in
Al2O3 is caused by intrinsic imperfections.
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4.3.4 Conclusions
In section 4.3, we have demonstrated that the electron traps in the ALD-
grown Al2O3 layers are not related to carbon impurification. The electron
trap density appears to be higher in Al2O3 films with higher carbon content
but a direct quantitative proportionality is not observed. The similarly
deep energy distributions of electron traps in the annealed C+ and Ar+-
implanted samples suggest that these electron traps are likely related to the
intrinsic imperfections generated by the ion bombardment. Furthermore,
the carbon-related defects resolved by the ESR spectroscopy are found to
be unable to capture electrons.
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4.4 Electron Traps in LaAl4Ox and GdyAl2−yO3 insu-
lators
To investigate the effect of the additional rare-earth cations on the electron
trap energy depth profile and density in the Al2O3-based insulators,
amorphous and crystalline LaAl4Ox layers as well as crystalline GdyAl2−yO3
films of different compositions were studied using the PI spectroscopy.
Sample Preparation
The studied aluminates LaAl4Ox and GdyAl2−yO3 were deposited using the
ALD technique on top of a 4-nm thick SiO2 tunneling layer thermally grown
on n- and p-type (100)Si substrates, respectively. La(thd)3, Al(CH3)3 and
O3 were used as precursors to grow 20-nm thick LaAl4Ox layers at 300
oC. To induce oxide crystallization into cubic phase, some of the LaAl4Ox
samples were subjected to annealing in N2 ambient (1 atm) at 800 oC for 1
min. [123] In the case of GdyAl2−yO3 samples, 18-nm thick layers of three
different compositions were deposited using Gd(iPrCp)3, Al(CH3)3 and
H2O precursors at 250 oC, and then were annealed in N2 ambient at 700
oC for 1 min. [109]
For the PI experiments, MIOS capacitors were fabricated by thermoresistive
evaporation of 15-nm thick Au electrodes of 0.5 mm2 area on top of the
aluminate layers. The PI experiments were performed at 300K in the
spectral range hν = 1.3− 6.1 eV with a ∆hν = 0.3 eV energy increment per
step.
Results and discussion
Upon field-induced electron injection, negative ∆Q values were measured
on the LaAl4Ox and GdyAl2−yO3 layers indicating electron trapping in the
films. Subsequent illumination brings ∆Q close to zero before the electron
injection from Si starts to occur at hν ∼4.25 eV, as illustrated in the
∆Q− hν spectra in the top panels of Fig. 4.11 and Fig. 4.12, respectively.
This discharging behavior suggests either removal of electrons from the
rare-earth aluminate layers or, else, capture of holes photoinjected from
the metal electrodes. Since no net positive charge trapping is observed
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when illuminating the as-fabricated uncharged (neutral) LaAl4Ox and
GdyAl2−yO3 films, the photoionization of the filled electron traps appears
to be the major reason for the negative charge removal upon illumination.
We analyze the results of the PI experiment in more detail as below:
A. LaAl4Ox
The ∆Q-hν spectra of the amorphous and crystalline (cubic) LaAl4Ox
films are compared in the top panels of Figs. 4.11(a) and (b), respectively.
Upon electron injection, the density of the negative ∆Q charge observed (as
shown at the initial photon energy hν=1.3 eV) on the crystalline LaAl4Ox
(c-LaAl4Ox) sample is larger than that in the as-deposited amorphous
LaAl4Ox (a-LaAl4Ox) film. The PI measurements were performed under
+1 V bias applied to the top Au electrode during illumination. Interestingly,
this increase of the density of electron traps after the crystallization of oxide
layer is similar to that observed for the Al2O3 layers (c.f. Fig. 4.1).
Remarkably, both in a- and c-LaAl4Ox layers, electron traps exhibit a
broad energy distribution in the range of optical depth between 2 and 4
eV, as illustrated in the SCD-Et plots shown in the bottom panels of Figs.
4.11(a) and (b), respectively. This broad distribution of trapped electron
energy levels closely resembles the distribution of traps observed in the
Al2O3 layers. This similarity of the trap levels distributions relative to the
CB edge in Al2O3 and LaAl4Ox and the increase of the trap density after
crystallization suggest that these electron traps are associated with the
AlOx sub-network. In absolute terms, the electron trap density in LaAl4Ox
appears to be less than one half of that in Al2O3 in both the amorphous and
crystalline phases. This may suggest that the admixture of the rare-earth
La cations results in the reduction of the network sites that act as deep
electron traps.
In contrast with the Al2O3 layers, a considerably higher density of shallow
electron traps with Et <2 eV is observed in both the a- and c-LaAl4Ox layers.
These traps may be associated with the incorporation of La cations into the
Al2O3 matrix. The concentration of shallow electron traps depopulated in
the spectral range <2 eV is significantly reduced after annealing-induced
crystallization of the LaAl4Ox films.
When the photon energy exceeds ∼3.6 eV, the removal of negative charge
becomes less efficient both in a- and c-LaAl4Ox layers. This effect is probably
caused by the lower concentration of electron traps in the energy range
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Figure 4.11: Plots of the illumination-induced charge variation ∆Q as a
function of photon energy (top panel) and plots of SCD versus Et (bottom
panel) measured on the Au/LaAl4Ox/SiO2/Si MIOS capacitors with
insulating 20-nm thick amorphous LaAl4Ox (a) and crystalline LaAl4Ox
(b) layers. The vertical dashed line marks the energy onset of the electron
IPE from Si into the tunnel SiO2 layer.
Et>3.6 eV. Electron photoinjection from the silicon substrate is unlikely to
affect the photocharging spectra since LaAl4Ox film contains a high density
of negative charge which effectively blocks IPE across the SiO2 barrier layer.
Thanks to this electron injection blockage, the density of states of electron
traps in LaAl4Ox can be traced down to Et ≈4 eV below the oxide CB
edge as shown in Fig. 4.11. The trap distribution is seen to peak at Et ≈3
eV and exhibits ∼1 eV energy width. The large width of the trap energy
distribution points towards considerable site-to-site variations in the atomic
surrounding of the traps. Furthermore, as compared to Al2O3 layers (cf.
Fig. 4.1) the presence of La in the oxide gives rise to shallow electron traps
observed in the energy range Et <2 eV as evident from Fig. 4.11.
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B. GdyAl2−yO3
To further investigate the effect of the rare-earth cations on the electron traps
in aluminate insulators, PI experiments were conducted on GdyAl2−yO3
layers. The ∆Q-hν and SCD-Et spectra of the crystalline Gd-aluminate
samples of different stoichiometries are compared in Fig. 4.12. Upon electron
injection, the magnitude of the negative ∆Q value which can be seen at
the initial hν=1.3 eV in the ∆Q-hν spectra becomes smaller when the
composition of the crystalline GdyAl2−yO3 (c-GdyAl2−yO3) film becomes
more Gd-rich, approaching the stoichiometric 1:1 ratio. However, when
the Gd to Al content ratio increases further, the ∆Q value after electron
injection becomes more negative again. It appears that the ∆Q value
becomes more negative when the c-GdyAl2−yO3 composition moves away
from stoichiometric GdAlO3.
A continuous distribution of electron trap energy levels in the range from
Et ∼2 to 4 eV is found in c-GdyAl2−yO3 layers of all compositions, as
illustrated for the SCD-Et plots shown in Fig. 4.12. The broad distribution
of electron trap energy levels from 2 to 4 eV below the oxide CB edge with
Al2O3 may suggest that these trap energy levels are associated with the
same kind of defect centers. However, the density of these electron traps
is lower in the c-GdyAl2−yO3 layers as compared to that in the c-Al2O3
layer, which may be associated with the introduction of Gd cations into the
alumina sub-network.
It is worth to mention that the PI of filled electron traps is barely noticeable
in the spectral range hν <2 eV in the ∆Q-hν spectra measured on the
crystalline Gd-aluminate layers, as illustrated in the top panels of Fig. 4.12.
This suggests a low density of shallow electron traps in the c-GdyAl2−yO3
layers, as illustrated in the SCD-Et plots of Fig. 4.12. This trap distribution
is different from the considerable density of shallow traps present in the
LaAl4Ox layers as just discussed above, suggesting these traps to be sensitive
to the kind of the rare-earth ions.
Conclusions
A broad energy distribution of deep electron traps from 2 to 4 eV below the
oxide CB edge is found in the a- and c-Al2O3, amorphous LaAl4Ox as well
as the crystalline LaAl4Ox and GdyAl2−yO3 layers. The similar shape of
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the energy distribution suggests that the same defect states are involved
in the electron trapping. Moreover, upon crystallization of the LaAl4Ox
and Al2O3 layers by annealing, a significantly increased trap density is
observed. These observations suggest that the electron traps in rare-earth
aluminates are probably related to defects in the Al-subnetwork of alumina
or aluminate layers.
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4.5 Electron trapping in TANOS structures
The first charge-trapping NVM device fabricated by Kahng and Sze in 1967
[96] featured both a long retention time and a re-writing capability. For
the trapping-insulator-based type Flash cells, the metal-nitride-oxide-silicon
(MNOS) structure with a SiNx charge trapping layer was initially proposed.
[124] In MNOS capacitors, electrons injected from the silicon substrate are
trapped close to the oxide-nitride interface in the Si3N4 layer. SiO2 is used
to provide a good interface to the semiconductor and to prevent the back-
tunneling of the injected electrons, thus ensuring better charge retention.
As a result, the thickness of the SiO2 barrier layer has to be optimized to
attain the long retention time and an acceptably low programming voltage.
In modern cell designs, in order to suppress the electron injection from the
gate electrode during erasing, an Al2O3 blocking layer is introduced above
the Si3N4 layer. This Al2O3 layer also provides the large energy barrier for
the electrons trapped in the Si3N4 layer to prevent their escape to the control
gate electrode. The incorporation of theAl2O3 blocking layer in the structure
of the memory cell also enables better electron accumulation. Moreover, to
avoid a high thermal budget, TaN is chosen to replace poly-Si as the metal
gate since its deposition and patterning are compatible with the conventional
CMOS fabrication process. The resulting TaN/Al2O3/Si3N4/SiO2/Si
(TANOS) structure features long retention time, low programming voltage,
and the compatibility with the CMOS fabrication technology.
The ideal band diagram of the TANOS structure during the programming
is schematically shown in Fig. 4.13. A positive bias Vg is applied to the
gate electrode to induce the electron injection from the Si substrate by
F-N tunneling through the SiO2 tunneling layer into the Si3N4 trapping
layer. The injected electrons are trapped by defects with energy levels in
the bandgap of Si3N4.
In this section, we demonstrate that the PI spectroscopy provides one with
the possibility to analyze the electron trap properties in the completed multi-
layered structures such as the TANOS cells. Using this novel approach, the
charge trapping properties of Au/SiNx/SiO2/Si MNOS capacitors and of
TANOS cells with TaN/Al2O3/Si3N4/SiO2/Si structures fabricated using
different processing conditions are investigated.
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Figure 4.13: Energy band diagram of the TaN/Al2O3/Si3N4/SiO2/Si
Flash cell during the electron injection when a gate bias Vg > 0 is applied
to facilitate the electron tunneling from the p-Si substrate. The dashed line
shows the Fermi level energy position in the bulk of the p-type doped Si
substrate.
Experimental
For the MNOS stacks, the 15-nm thick SiNx layer was deposited at 400 oC,
using the plasma-enhanced chemical vapor deposition (PECVD) technique
on a 4-nm thick SiO2 tunneling layer thermally grown on n- or p-type
Si substrates. TANOS stacks were fabricated on 300 mm p-type (100)Si
substrates, and comprise a thermally grown 4.5-nm SiO2 tunneling layer,
a 6-nm CVD Si3N4 charge trapping film, and a 14-nm ALD-grown Al2O3
blocking dielectric. Some samples have additionally been subjected to
PDA in N2, O2, or H2 ambient at 700-1100 oC, which resulted in Al2O3
layer crystallization with thickness reduction to 12 nm. The parameters
of the PDA treatment are listed in Table 4.7. Finally, 20-nm CVD TaN
metal electrodes were deposited on top of the Al2O3 layers to form the
TANOS structure. The details of the TANOS stack preparation can be
found elsewhere. [125]
The electron injection from the Si substrate was induced by applying a
positive injection bias of 15 V on the metal electrode for around 0.5 s.
After leaving the samples in the dark for sufficient time to ensure that
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Table 4.7: The ambient properties and the temperature of PDA performed
on the Al2O3/Si3N4/SiO2/Si structures in TANOS samples.
Sample PDA
C1 -
C2 O2 1100 oC
C3 N2 1100 oC
C4 N2 1000 oC
C5 H2 1100 oC
C6 O2 700 oC+ N2 1100 oC
the thermally-stimulated de-trapping is completed (&10 h), a low positive
or negative bias Vg was applied on the TaN top electrode during the PI
experiments, as will be indicated in the ∆Q-hν spectra shown.
Results and Discussion
Using the PI experiments, an identical energy depth distribution of electron
traps starting from Et ∼3 eV is found in the Au/15 nm Si3N4/4 nm
SiO2/p−Si MNOS capacitors under externally applied positive or negative
electric field, as illustrated in the SCD-Et plots in the bottom panels of Figs.
4.14(a) and (b), respectively. The high density of electron traps reveals
Si3N4 as an efficient electron trapping material. The electron IPE from the
silicon substrate and from the metal electrode are observed in the photon
energy range hν >4 and hν>3.7 eV, respectively, which reflects the different
energy barriers for electrons at the Si/SiO2 and Au/Si3N4 interfaces.
The PI of the filled electron traps in the Si3N4 layers grown on the SiO2/n-
type doped Si substrate also shows that most of the electron traps have
an energy depth Et >3 eV, as illustrated in Fig. 4.15. The PI spectra
measured on the Au/Si3N4/SiO2/Si capacitors with p-type or n-type doped
Si substrates are in agreement, demonstrating that the PI results are well
reproducible for the same insulator material. Since, in the TANOS structure,
electron traps are present in both the Si3N4 and Al2O3 layers, both materials
may contribute to the variations of the trap energy depth profile and density.
In order to separate these contributions, we analyzed the PI spectra in the
samples containing only an Al2O3 layer (see section 4.2) or only the Si3N4
insulator (cf. Fig. 4.14 and Fig. 4.15). From these experiments, we found
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Figure 4.14: Plots of the illumination-induced charge variation ∆Q as a
function of photon energy (top panel) and plots of SCD versus Et (bottom
panel) measured the electron-injected Au/15 nm Si3N4/4 nm SiO2/p-Si
MNOS capacitors with Vg equal to 2 V (a) and -4 V (b) applied to the Au
top electrode during trap photodepopulation.
that the electron trap energy depth lies in the range from 2 to 4 eV for the
Al2O3 film while in Si3N4 film most of the traps are distributed at 3 to 4
eV below the insulator CB edges.
In the SCD-Et plot for TANOS cells shown in the bottom panel of Fig.
4.16(a), one can see that most of the electron traps are mainly distributed
in the energy range 3≤ Et ≤4 eV. This result indicates that the electrons
were mostly depopulated inside the Si3N4 layer. In addition, it may be
worth mentioning that the decrease in the negative charge density starting
from hν ∼5.2 eV onward is probably caused by excitation of intrinsic PC in
the Si3N4 layer (Eg=5.3 eV [18]).
From these observations we may conclude that PI spectroscopy has
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Figure 4.15: Plots of the illumination-induced charge variation ∆Q as a
function of photon energy (top panel) and plots of SCD versus Et (bottom
panel) measured on the electron-injected Au/15 nm Si3N4/4 nm SiO2/n-Si
MNOS capacitors with Vg equal to 1 V (a) and -1 V (b) applied to the Au
top electrode.
demonstrated the potential to determine the electron trap energy level
distribution and density in the TANOS structure that closely resembles the
completed Flash cell structure instead of the MIOS capacitors studied in
the previous sections 4.2 to 4.4.
As the next step we analyzed the trap spectra measured on TANOS
capacitors with the Al2O3/Si3N4/SiO2/Si structure subjected to PDA
in O2. The electron trap energy depth distribution is found unchanged as
compared to the as-deposited stack while the density becomes somewhat
lower, particularly of the more shallow electron traps with Et<3 eV, as
illustrated in Fig. 4.16(b). This may suggest that the density of the electron
traps in the Al2O3/Si3N4 trapping stack can be controllably adjusted
by using the O2 annealing. By contrast, for the Al2O3/Si3N4/SiO2/Si
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structure subjected to PDA in N2, the density of electron traps becomes
larger and more shallow electron traps become detectable at Et ≥2.5 eV,
as illustrated in Fig. 4.16(b). Earlier, we have observed approximately
twice as many electron traps after the crystallization of Al2O3 induced by
PDA in N2 (cf. Fig. 4.1). By correlating this observation with the higher
density of traps in the Al2O3/Si3N4/SiO2 stack after annealing in N2 in
particular, we suggest that Al2O3 layer crystallization may be responsible
for this effect.
Conclusions
The results of electron trap studies in different insulators as well as in
the TANOS cells show that the PI technique is capable of providing well
reproducible and, therefore, reliable information about the electron trap
energy depth distribution and density. In particular, in the TANOS stacks
the electrons are found to be trapped mainly within the Si3N4 trapping
layer which represents the desired electron-trapping behavior of the cell.
The density of shallow electron traps with Et <3 eV, which are probably not
associated with Si3N4 but with the blocking Al2O3 layer, can be reduced
by annealing of the Al2O3/Si3N4 structure in O2. This information may
help to reduce the impact of the parasitic erase (electron-trapping in Al2O3)
in TANOS cells.
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4.6 Alternative Tunnel Layers:ISSG SiO2 and SNOW
Though the thermally grown SiO2 layers exhibit the best performance
as tunneling insulators, their thickness uniformity represents the critical
fabrication issue because the tunneling rate depends on the physical barrier
thickness exponentially. For large area processing, the in-situ steam
generated (ISSG) SiO2 layer is applied to ensure thickness homogeneity over
a large area up to 300 mm wafer-size. [126] The ISSG SiO2 is fabricated
using the single-wafer rapid thermal process (RTP) while the term "steam"
refers to the mixing of H2 and O2 reaction gases in close vicinity to the
wafer surface in contrast to conventional furnace oxidation. [127] However,
though improved reliability has been reported when using the ISSG oxides
as gate dielectrics [128], the physical characterization of ISSG SiO2 is still
largely missing. Here we address the barrier height for electrons at the ISSG
SiO2/Si interface.
On the other hand, the SiOx − SiNy intermixed insulator (SNOW) is
currently under development in order to reduce the CB offset with respect
to Si as compared to that between Si and SiO2. This would enable one to
perform more efficient electron injection at a lower voltage while retaining
the good insulating properties of SiO2 in order to maintain low leakage
and charge loss. In this section we investigate the electric field dependence
of the energy barriers at the interfaces between the Si substrate and the
insulating ISSG SiO2 or SNOW layers using IPE spectroscopy. The energy
barrier at the Si/conventional thermally grown SiO2 interface serves as the
reference.
Experimental
A 8-nm thick ISSG SiO2 layer, 10-nm thick SNOW layer, and 20-nm thick
conventional thermal SiO2 layer were grown separately on Si(100) substrates.
The MOS capacitors were completed by the thermoresistive evaporation
of 15 nm thick Au or Al electrodes of 0.5 mm2 area on the insulator. IPE
experiments were conducted at room temperature in the spectral range
hν = 2− 6.5 eV with a fixed spectral resolution of 2 nm.
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Figure 4.17: The cube root of electron IPE yield from silicon as a function
of photon energy measured in Si/8 nm ISSG SiO2/Al capacitors under
different positive voltages applied to the metal electrode. The straight lines
illustrate determination of the threshold energy of electron IPE from the Si
VB to the CB of ISSG SiO2 (ΦSi/ISSG) at different bias. The vertical line,
E2, marks the onset of direct optical transitions in the Si crystal.[81]
Results and Discussions
Spectral thresholds of electron IPE from the Si VB to the CB of ISSG
SiO2 were found using Y 1/3-hν plots[70], as illustrated in Fig. 4.17. A field
dependence of the electron IPE spectral threshold is evident: The onset
energy of electron IPE shifts from ∼ 4.0 eV to 3.8 eV when the applied
positive voltage increases from 0.25 V to 2.0 V. This effect is due to the
combined effects of the external electric field and the image force interaction
between the photoelectron and silicon photoemitter (the Schottky effect).
[81]
In a similar approach, the threshold energy for electron IPE from the Si VB
into the CB of SNOW is determined by plotting the cubic root of the IPE
quantum yield versus photon energy, as illustrated in Fig. 4.18. Similar to
the ISSG SiO2 case, the barrier lowering with increasing of the electric field
strength is also observed. Remarkably, the quantum yield measured on the
MIS capacitor with the SNOW insulating layer is much smaller using the
same relative units than that measured on the Al/ISSG SiO2/Si capacitors.
The reason for this may be electron scattering in the SNOW layer due to
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Figure 4.18: The Y 1/3-hν plot for Si/10 nm SNOW/Au capacitors as
measured under different positive bias applied to the Au electrode. The
threshold energy of electron IPE is equal to the interfacial barrier height
between Si VB and CB of SNOW (ΦSi/SNOW ). The straight lines illustrate
determination of the spectral threshold. The vertical line, E2, marks the
onset of direct optical transitions in the Si crystal.
the presence of the high density of N atoms, which have different effective
charge than oxygen atoms.
Furthermore, for comparison, the thermally grown SiO2 MOS capacitor is
studied using the IPE spectroscopy. The yield curves are again plotted in
Y 1/3-hν coordinates, as illustrated in Fig. 4.19. The electron IPE threshold
from the Si VB to the CB of thermally grown SiO2 (ΦSi/Thermal) shifts to
the lower photon energy as the applied positive bias increases due to the
Schottky effect.
To obtain the intrinsic zero-field interfacial barrier height between Si and
the insulating oxide layer, the inferred spectral thresholds were plotted as a
function of the square root of the electric field (the Schottky plot [129, 70]),
as shown in Fig. 4.20 for the ISSG SiO2 (), SNOW (4), and thermally
grown SiO2 (©) MOS capacitors. The zero-field barrier height between
the VB of Si and the studied insulators is found to be∼4.2 eV for the ISSG
SiO2 layer and ∼4.3 eV for the SNOW layer. Both values are close to the
value of ΦSi/Thermal ∼4.3 eV found in this work and to the value 4.25-eV
commonly reported in the literature [81].
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Figure 4.19: Spectra of electron IPE from the VB of Si into the CB of
thermal grown SiO2 measured at different positive bias applied to the Au
electrode of a Si/20 nm thermal grown SiO2/Au stack. The straight lines
illustrate the determination of spectral threshold. The vertical line, E2,
marks the onset of direct optical transitions in the Si crystal.
Figure 4.20: Schottky plot of the inferred spectral thresholds Φ of electron
IPE from the VB of Si into the CB of ISSG SiO2 (), SNOW (4), and
thermally grown SiO2 (©).
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Interestingly, the Si/SNOW interface barrier exhibits a significant decrease
with increasing strength of the electric field, as shown by the Schottky
plot. The electric field dependence of the Si/ISSG SiO2 interface barrier is
found to be weaker and similar to that observed for the Si/thermally-grown
SiO2 energy barrier. This may be explained by the high density of electron
energy states in the insulator gap provided by the SiNx sub-network in the
SNOW layer since the bandgap of Si3N4 is known to be smaller [18] than
that of SiO2. These gap states may allow for trap-assisted tunneling of
electrons from Si across the SNOW tunnel layer when a external electric
field is applied, thus resulting in additional apparent barrier lowering.
Conclusions
The zero-field energy barriers at the Si/ISSG SiO2 and the Si/SNOW
interfaces are found to be nearly the same as the interface barrier between
the Si substrate and the thermally grown SiO2 layer. This high barrier
ensures good charge retention when the ISSG SiO2 or SNOW is used in
memory cells as the tunneling layer under nearly zero electric field condition.
Remarkably, the energy barrier lowering at the Si/SNOW interface allows
easy electron injection from Si when a high external electric field is applied
since it happens lowering the barrier during the "write" pulse. The high
energy barrier at the zero field and the easy electron injection at the high
field make the SNOW very attractive to be applied as the tunnel oxide in
memory devices.
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4.7 Conclusions
In this chapter, the PI spectroscopy is demonstrated to be capable of tracing
the variations in density and energy distribution of electron traps in the
oxide layers as affected by processing. The latter includes the change of
the oxide composition and crystal structure, the varied dose content and
type (C+/Ar+) of the implanted ions or impurities introduced during the
thin film fabrication. Furthermore, the PI technique is shown to enable the
analysis of the charge-trapping behavior in the multilayer structure such as
the TANOS cells and to provide trustworthy and reproducible information
regarding electron traps in the insulating layers.
A broad energy depth distribution of deep electron traps with Et ranging
from 2 to 4 eV is found in Al2O3 instead of the discrete energy level generally
assumed in theoretical calculations. The density of these electron traps
at least doubles after N2 annealing-induced crystallization of the Al2O3
layer, indicating the electron traps in Al2O3 can not be reduced by the high
temperature treatment. These Al2O3 electron traps are suggested to be
uncorrelated to carbon by the combination of PI and ESR experiments.
On the other hand, the incorporation of a rare-earth (La or Gd) cation
into Al2O3 leads to a reduced density of electron traps. The similar energy
distributions of electron traps in Al2O3 and La/Gd aluminates suggest that
these imperfections are probably associated with the AlOx sub-network in
rare-earth aluminate films. The lower density of electron traps and the
higher κ value represent the major advantages of the rare-earth aluminates
if applied as the blocking layer in Flash devices. The PI experimental
results suggest that in the TANOS capacitors the electrons are trapped
mostly in the Si3N4 charge-trapping layer but not in the Al2O3 blocking
layer. Moreover, a reduced Al2O3 electron trap density is found after the
insulating Al2O3/Si3N4 stack subjected to PDA in O2, which may reduce
the parasitic erase effect in the TANOS Flash cell. In addition, the large
energy barrier at the Si/ISSG SiO2 and the Si/SNOW interfaces at the zero
field ensure a good insulating property. The reduced energy barrier at the
Si/SNOW interface at the high field makes the SNOW layer an interesting
candidate to replace the conventional thermal-grown SiO2 as the tunnel
layer in the Flash memory devices.
Summarizing the above findings, the IPE/PC/PI methodology provides a
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considerable amount of valuable information that may be used to improve
the design or optimize the charge-trapping memory devices.
Chapter 5
Oxide Bandgap Engineering
The down-scaling of electronic devices requires, as one element, an insulator
with κ value higher than that of SiO2 (κSiO2 = 3.9) to reach the lower
equivalent oxide thickness (EOT). The use of the high-κ dielectrics of
physically larger thickness allows one to effectively suppress the direct
electron tunneling as compared to the conventional SiO2 layer of the
same thickness as the EOT. At the same time, a high potential barrier at
interfaces of insulators is also desired to reduce the electron injection from
the electrodes. The latter mandates the use of insulators with sufficiently
wide bandgap. However, the high-κ dielectrics usually have a narrow gap, as
illustrated in Fig. 1.2, which reflects the intrinsic relationship between the
gap width and the electronic component of dielectric polarization. Therefore,
a considerable effort has been devoted to the synthesis of novel insulators
which would combine a high dielectric constant and a wide bandgap. [67]
One of the possible approaches consists in mixing a high-κ dielectric with
another wide bandgap insulator to create novel complex oxides combining
the best properties of two constituent insulators. For instance, the high-
κ Ta2O5 (κ=24-45 [130], Eg '4.4-4.5 eV [40, 23]) may be mixed with
the wide-bandgap SiO2 (κ=3.9 [40], Eg=8.9 eV [23]) to obtain TaSiOz.
Another approach consists in controlling the ratio of the relative constituent
oxide content ratio in a complex oxide, such as NbxTayOz, GdxNbyOz, and
titanates (HfxTiyOz, Ta2Ti3Oz, and SrxTiyOz). Accurate determination
of the gap width and the dielectric constant of these novel complex oxides
represents a substantial challenge since this information is required to
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evaluate the perspectives of these materials for application in electronic
devices. While the κ value of an oxide can be obtained from the capacitance
measurements on the metal-insulator-metal (MIM) capacitors, the accurate
determination of the bandgap in a nm-thin oxide layer represents a significant
experimental challenge.
Spectroscopic ellipsometry (SE), as one of the standard characterization
techniques, provides one of the possible solutions: It evaluates the oxide
bandgap optically and requires no contacts. Therefore, this technique is
insensitive to the leakage current which represents a large advantage over
electrical measurements. Nevertheless, it is found that SE fails to determine
the complex oxide gap width with sufficient accuracy because the models
used in SE simulation to describe the optically-excited electron transitions
in the complex oxides are over-simplified. In particular, these models assume
that the electron transition occurs from one energy level to another level
(the Lorentz oscillator model) rather than considering the real band-to-band
transitions. As a result, the gap width determined using SE represents an
average between the gaps of the constituent oxides as will be discussed in
more detail in section 5.2.
In the present work we explored the potential of the photoconductivity (PC)
spectroscopy for the accurate bandgap determination because this method
allows for a simple identification of multiple band-to-band photo-electric
transitions. The optically-excited electron-hole pairs in oxide layer dissociate
in the applied electric field and contribute to the photocurrent. The PC
spectral threshold corresponding to the oxide gap width can be found from
the photocurrent yield (Y) spectra using the simple model, Y ∼ (hν −Eg)2,
which takes into account the indirect nature of the optical transitions since
the momentum conservation is of little importance in the case of amorphous
oxides or in nanometer-thin films.
Besides being free of the simulation-related systematic errors, the PC
spectroscopy has no limitation on the roughness of substrate material
surface of the studied samples. By contrast, SE is sensitive to the
surface roughness which reduces the accuracy of the analysis in the case of
transparent materials deposited on the polycrystalline substrates including
most of the metals. The reason for this inaccuracy is that the rough
surface (interface) needs to be included in simulation as a separate layer
with intermediate optical parameters. [131] In particular, this limits the
application of SE to investigate the insulating layers on metal substrates
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in the MIM structure used in memory cells. On the other hand, leakage
currents complicates the PC measurements on thin insulating films and
supplementary characterization techniques may be needed.
In this chapter, we explore the experimental limits of the bandgap
determination using PC measurements and compare them to the SE results
obtained on the same samples. The PC results show that the mixed oxides
may exhibit single or multiple bandgaps. The value of bandgap may be
correlated to the gap widths of one of the constituent oxides or, else, change
gradually in the linear proportionality to the ratio between the constituent
oxides. Remarkably, the SE analysis sometimes fails in resolving the accurate
gap width in a complex oxide due to the difficulty in simulation. Therefore,
it is proposed to supplement the optical characterization with the PC
measurements to obtain the reliable picture of the bandgap evolution in
complex oxides.
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5.1 Bandgap Width of NbxTayOz and TaSiOz
In this section, the influence of the Ta concentration on the NbxTayOz thin
film bandgap width is studied. The initial intention was to combine the
wider bandgap of Ta2O5 and the high-κ value of Nb2O5 in one complex
oxide (cf. Table 5.1). We found, however, that in the NbxTayOz films
with different Ta to Nb ratio, the narrowest bandgap corresponding to
NbOx network is still preserved. In a similar trend, another Ta-based oxide,
TaSiOz, is found to retain the narrowest bandgap associated with the TaOx
sub-network. Thus, in two studied Ta-based complex oxides the bandgap
width appear to be determined by the narrowest gap of the constituent
oxide sub-network.
Table 5.1: The dielectric permittivity value κ and the bandgap width Eg of
amorphous (a-) and crystalline (c-) Ta2O5 and Nb2O5 insulators.
Insulator κ Eg (eV)
a-Ta2O5 24-25 [112, 130] 4.4 [40]
c-Ta2O5 45 [130] 4.5 [23]
a-Nb2O5 18-77 [41, 132, 133] 3.4 [42, 134]/4.0 [40]
c-Nb2O5 25-125 [41, 132, 133] 3.4 [134, 43]
Experimental
45-nm thick amorphous NbxTayOz (a-NbxTayOz) layers were fabricated by
using the ALD technique in an ASM Pulsar 2000 reactor at 225 oC on top of
TaN bottom electrodes (BEs) grown by physical vapor deposition on p-type
(100)Si substrates. TaF5 and NbF5 were used as metal precursors, with a
first pulse of H2O oxidant followed by a chamber purge with nitrogen. Next,
the ozone valve was opened, followed by the final purge. [135] The relative
atomic ratio of Ta to (Ta+Nb), labeled as Ta/(Ta+Nb), in the NbxTayOz
films was 10.7, 41.9, and 68.4 %. To study the effect of crystallization,
one sample of each composition was subjected to the PDA at 600 oC in
N2 ambient for 5 min. The dielectric constants of crystalline-NbxTayOz
(c-NbxTayOz) films with Ta/(Ta+Nb) equal to 10.7 %, 41.9 %, and 68.4
% were found to be 19, 44, and 32, respectively. [135] The 30-nm ALD
TaSiOz layer is deposited using TaCl4, SiCl4, and H2O as the precursors
on 4-nm in-situ steam grown (ISSG) SiO2 on p-(100)Si substrate. [39]
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15-nm thick Au top electrodes of 0.5 mm2 area were fabricated by
thermoresistive evaporation through the shadow mask on the top of
NbxTayOz and TaSiOz layers to form the MIM and MOS capacitor
structures, respectively. The PC and IPE measurements were carried
out at room temperature in the hν range 1.5-6.0 eV with a fixed 2 nm
spectral resolution, while a bias voltage (Vg) was applied to the Au top
electrode (TE). The quantum yield (Y) was calculated as the photocurrent
normalized to the incident photon flux. [23]
Results and Discussion
I. NbxTayOz
The bandgap width of the as-deposited amorphous NbxTayOz thin film with
Ta/(Ta+Nb)=10.7 % is extracted from the Y 1/2 − hν plot, as illustrated in
Fig. 5.1(a). The PC threshold is clearly seen at hν=4.0 eV from the spectral
curve measured under low negative bias voltage (Vg=-0.1 V) applied to the
Au TE. Interestingly, when a low positive bias is applied to the Au TE of the
sample stack (Vg=0.1 V), the photocurrent still flows in the same direction
corresponding to the drift of the photo-generated electrons from Au TE
towards TaN bottom electrode (BE). This behavior is due to the higher WF
of Au (5.1-5.3 eV [136]) as compared to the WF of TaN (4.5-4.7 eV [137]),
resulting in a negative built-in voltage across the NbxTayOz layers.
The PC spectra measured under both positive and negative bias on
MIM samples of a-NbxTayOz insulators with the higher Ta content
[Ta/(Ta+Nb)=41.9 % and 68.4 %] reveal the spectral thresholds in the
range of 4.2-4.3 eV, as illustrated in Fig. 5.1(b) and (c). As a result, for the
studied a-NbxTayOz films with the Ta content ranging from 10.7 % to 68.4
%, the average PC threshold is equal to 4.2±0.1 eV. This threshold energy
is close to the bandgap in a-Ta2O5 (Eg=4.4 eV [40]), suggesting that the
electronic structure of TaOx sub-network in a-NbxTayOz resembles that of
a-Ta2O5.
When zooming in on the low-energy portion of the PC spectra, we found
additional PC thresholds in the energy range below the already discussed
PC threshold associated with the TaOx sub-network. As can be seen from
the Y 1/2 − hν plots shown in Fig. 5.1(d-f) for samples with different Ta
content, the corresponding spectral thresholds gradually shift from Eg ∼3.3
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Figure 5.1: PC yield spectra plotted in Y 1/2 − hν coordinates as
measured on TaN/a-NbxTayOz/Au capacitors with insulators of the
different stoichiometries. The PC spectral thresholds marked by vertical lines
correspond to the wide (a-c) and narrow (d-f) bandgaps of the a-NbxTayOz
layers of the indicated Ta/(Ta+Nb) composition.
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eV [Ta/(Ta+Nb)=10.7 %] to higher values, reaching ∼3.9 eV for the oxide
with the highest Ta concentration of Ta/(Ta+Nb)=68.4 %. [40] Though the
optical interference in the insulator hampers the accurate determination of
the PC thresholds in the layers with the two higher Ta contents, particularly
when a positive bias is applied to the Au TE, the increase of the gap width
is still visible in Fig. 5.1(e, f). This behavior may be explained by the
presence of a phase(s) resembling amorphous Nb2O5 (Eg=3.4/4.0 eV) in the
Nb-rich sample. Furthermore, when the Ta/(Ta+Nb) ratio becomes larger,
we encountered a reduction of leakage current which is consistent with the
fact that the electron conduction is controlled by the sub-network with the
narrowest gap present in the insulator layer. In the present case, this is
NbOx sub-network. The suggested gap variation scheme in the a-NbxTayOz
layers of different composition is illustrated in Fig. 5.2, where the valence
band top of the TaOx and the NbOx sub-networks are assumed to be
energetically aligned as determined by the energy of the lone-pair electrons
of the O atoms which constitute the top of the VB in the non-magnetic
oxides. [61]
Crystallization of NbxTayOz has profound effect on the narrow oxide gap
width. Thanks to the leakage reduction after the annealing in c-NbxTayOz
films of Ta/(Ta+Nb) ratio=10.7 %, we were able to resolve PC signals
for the electrons drifting in the electric fields of opposite orientations, as
illustrated in Fig. 5.3(a). A a slight increase of the Eg value to around 4.2
eV is observed as compared to Eg=4.0 eV in a-NbxTayOz (cf. Fig. 5.1(a)).
The same 4.2-eV PC threshold is also found in the c-NbxTayOz layers with
a higher Ta content as can be seen from the plots shown in Fig. 5.3(b, c).
Summarizing the results for both a- and c-NbxTayOz thin films, the spectral
threshold of PC is found at 4.2 ± 0.1 eV in nearly all the samples, which
can be due to the development of an electronic TaOx sub-network similar
to that in Ta2O5. Then, in the range of hν < 4 eV, from the Y 1/2 − hν
plots of c-NbxTayOz layers, the PC spectral thresholds of Nb-rich films
are determined to be 3.2-3.3 eV, as illustrated in Fig. 5.3 (d-e) when the
negative bias is applied to the metal TE. In the Ta-rich c-NbxTayOz layer
the spectral threshold increases to 3.8 eV, as illustrated in Fig. 5.3 (f).
The common trend, of the PC spectral threshold energy increasing with
the larger Ta contents in both a- and c-NbxTayOz layers, clearly reveals
the pronounced contribution of electron states associated with the TaOx
sub-network to the density of electron states in the Ta-rich NbxTayOz
110 Chapter 5: Oxide Bandgap Engineering
Figure 5.2: The scheme of the energy band edges in amorphous Ta2O5,
NbxTayOz, and Nb2O5 insulators illustrating the shift of NbxTayOz CB
edge. The energy of the VB maximum is determined by the same lone-pair
electrons of O atoms. Wide (4.1-4.3 eV) and narrow (3.2-3.8 eV) gap CB
edges of NbxTayOz are correlated to the electron states of the TaOx and
NbOx sub-networks, respectively. The bandgap width is indicated in eV.
layers.
Interestingly, we found that the resolved PC threshold is sensitive to the
electron flow direction in some samples. For the MIM capacitors with
the a-NbxTayOz layer of Ta/(Ta+Nb)=10.7 % (c.f. Fig. 5.1(a) and (d))
and with the c-NbxTayOz film of Ta/(Ta+Nb)=41.9 % (c.f. Fig. 5.3(b)
and (e)), it was only possible to obtain PC spectra under negative bias
applied to the metal TEs because one encounters too high leakage when
the positive bias is applied to the TE. Moreover, the photocurrent yield
spectra measured on the MIM capacitor with the c-NbxTayOz insulating
layer of Ta/(Ta+Nb)=10.7 % under positive bias applied to the Au TE do
not exhibit the 3.2-eV PC threshold in the Y 1/2 − hν plot, as shown in Fig.
5.3(d). These observations might point towards a basic inhomogeneity of
the NbxTayOz films, with Nb-rich and Ta-rich layers located near opposite
electrodes of MIM capacitors.
Apart from the PC thresholds discussed above, Y 1/2 − hν plots for a-
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Figure 5.3: Square root of the PC yield as a function of photon energy as
measured on TaN/c-NbxTayOz/Au capacitors with the insulating layers of
different composition. The vertical lines mark the wide (a-c) and narrow
(d-f) bandgap of the c-NbxTayOz thin films.
and c-NbxTayOz layers also show thresholds at photon energy <3 eV, as
illustrated in Fig. 5.4 and Fig. 5.5, respectively. These spectral thresholds
are found at 2.0±0.1 eV and are insensitive to the Ta/(Ta+Nb) ratio. In
addition, the comparable threshold energy (within the 0.1 eV error margin)
extracted from the curves measured under opposite electric field orientations
suggests that these spectral thresholds are not associated with the photo-
excitation of electrons or holes in the electrodes of MIM structure. Rather,
this observation is consistent with the photo-ionization of filled traps with
energy levels in the bandgap of the insulator.
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Figure 5.4: Y 1/2 − hν plots measured on TaN/a-NbxTayOz/Au capacitors
with insulating layer of different composition. The spectral thresholds
correspond to photoionization of traps in a-NbxTayOz layers and are marked
by vertical lines.
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Figure 5.5: The square root of quantum yield as a function of photon
energy measured on TaN/c-NbxTayOz/Au capacitors with insulating layer
of different composition. The spectral thresholds correspond to the photo-
ionization of traps in the c-NbxTayOz layer and are marked by vertical
lines.
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II. TaSiOz
Figure 5.6: Determination of PC spectral threshold corresponding to
the bandgap of TaSiOz from the Y 1/2 − hν plots measured on p-
Si/SiO2/TaSiOz/Au capacitors. The bias applied on the Au electrode
is indicated next to the symbol.
Using the PC spectra, the bandgap in the amorphous ALD TaSiOz film is
determined to be 4.4±0.1 eV, as illustrated in Fig. 5.6. This value is identical
to the gap width of amorphous Ta2O5 layer. [61] Therefore, we suggest that
the TaOx sub-network in amorphous ALD TaSiOz determines the mixed
oxide gap width. Remarkably, though the widening of the high-κ insulator
bandgap is not accomplished, the leakage of TaSiOz film is significantly
reduced as compared to NbxTayOz layers. This can be explained by the
presence of SiOx sub-network in TaSiOz layer, in which the CB bottom is
∼3.1 eV higher than the VB maximum of Si substrate. [138] Additionally,
the electrons are likely to be captured by a high density of electron traps
(∼ 1013 cm−2) in the a-TaSiOz layer, resulting in a negative electric field
which helps to suppress the electron injection from the cathode electrode.
[138]
Conclusions
The combination of a wide and a narrow bandgap is found in both the a-
and c-NbxTayOz insulators with the Ta/(Ta+Nb) ratio in the range of 10.7
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% to 68.9 %: The wide 4.2-eV bandgap is suggested to be associated with
the TaOx sub-network, while the narrow bandgap ranging from 3.2 to 3.8 eV
correlates with the Nb content and, therefore, is suggested to be related to
electron states originating from the NbOx sub-network. On the other hand,
TaSiOz retains the narrow gap width of the constituent Ta2O5. Apparently,
the constituent oxide with the narrowest bandgap essentially determined
the gap width in both Ta-based mixed oxides. Therefore, for the complex
oxides studied in this section, adding the second type of cations with an
intrinsically wider bandgap of its elemental oxide delivers no substantial
benefit in achieving a wide-gap in the mixed oxide. Remarkably, the
reduction in leakage current in Ta-rich NbxTayOz films should be attributed
to the widening of the NbOx-related bandgap, instead of pertaining to the
electronic structure of Ta2O5.
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5.2 Bandgap Width in GdxNbyOz insulators
Another attempt at engineering the bandgap of mixed high-κ dielectrics
was made by incorporating the wide-gap rare earth gadolinium oxide Gd2O3
into the narrow-gap Nb2O5 matrix to produce GdxNbyOz oxide. The wide
bandgap (5.3-5.9 eV [27, 33]) and the moderately high κ value (∼ 14-16
[27, 34, 35]) of Gd2O3 makes it attractive to widen the bandgap of the
mixed oxide in order to suppress leakage current and to reach a low EOT
at the same time. Previous, studies of GdxNbyOz have mainly focused on
the luminescence properties, which is related to the application of these
oxides as phosphors. Often some other metals (e.g. Bi or Tb) were added
in the oxide layers to increase the activation efficiency. [139, 140] However,
little is still known about the relationship between the bandgap width of
the GdxNbyOz films and their composition. The studied films are prepared
using an aqueous chemical solution deposition (ACSD) technique, featuring
enhanced efficiency and flexibility as compared to the relatively slow ALD
process. ACSD is not only suitable to produce films of complex composition
but is also safe and environmentally friendly, as opposed to the traditional
sol-gel methods. [141]
In this section, we will compare the results of the optical and the
photoelectric methods of bandgap determination in nanometer-thin thin
insulating layers. The analysis of spectroscopic ellipsometry (SE) results
suggests the onset energy of the optical absorption of the GdxNbyOz to
increases in linear proportionality to the GdOx content. The GdxNbyOz
bandgaps determined using the PC experiments show the same trend.
However, the values of bandgaps obtained from the SE fitting tend to be
∼0.3 eV higher than the PC threshold energies, which may be owing to the
over-simplified model used in the SE simulation.
Experimental
The ACSD GdxNbyOz layers with Gd to Nb atomic ratios ranging from 0
% to 100 % were deposited on p-(100)Si substrates covered by 1.2 nm thick
native SiO2 layers. The metal precursors for Gd and Nb were synthesized
from Gd2O3 and niobium ammonium oxalate, respectively. PDA was
performed at 600 oC for 30 min. in dry air. The structure of the thin
film is analyzed using X-ray diffraction and is found to be amorphous.
5.2 Bandgap width in GdxNbyOz insulators 117
Details of the insulator film preparation can be found in the paper published
by Dewulf et al. [141]
Optical properties of the oxide layers were studied using SE measurements
in the hν range 1.45-6.2 eV (Sopra GES-5 Optical Platform). By analyzing
the spectral dependence of the optical absorption coefficient (α) normalized
to the refractive index n and hν, we determine the spectral threshold of
the intrinsic optical absorption of the oxide. [92] The oxide layer thickness
of the studied samples was also obtained from the SE data to be ∼23 nm.
The SE spectra were simulated using WinElli II software (Sopra) based on
the Levenberg-Marquardt algorithm by arbitrary varying the used Cauchy-
Lorenz model parameters aiming at minimization of the mean-square error.
The SE experiments and simulations were carried out by Dr. M. Badylevich.
The oxide bandgap width is also determined using PC spectroscopy in the hν
ranging from 1.5 to 6.5 eV. To perform the PC experiments, semitransparent
Au electrodes were evaporated on the insulator layers to form MIS capacitor
structures. The quantum yield (Y) is defined as the ratio between the
photocurrent and the incident photon flux.
Results and Discussion
The SE results obtained on GdxNbyOz layers of seven different Gd to Ta
atomic ratios [Gd/(Gd+Nb)] are presented as (αhνn)1/2-hν plots in Fig.
5.7. These plots were used to determine the optical absorption onset for
each oxide composition by the linear extrapolation of the sharply rising
absorption part of the curve to the subthreshold absorption level. The SE
technique is applied to avoid the problem caused by substantial leakage
current through the complex oxide layers. The optical absorption onset is
determined to be 3.8 eV for pure Nb2O5 layer. As the GdOz content in
the GdxNbyOz layers becomes higher, the optical absorption onset energy
increases monotonically and reaches 5.3 eV for Gd2O3.
As the next step, the bandgap widths of the GdxNbyOz layers of the different
compositions are determined using plots of square root of PC yield as a
function of photon energy, as illustrated in Fig. 5.8. The PC threshold
extraction is prohibited by the high leakage currents in Nb2O5 (data not
shown). In the NbOx-rich GdNb4Oz layer, the PC threshold energy is found
to be ∼ 3.6 eV. As the GdOz content in the GdxNbyOz films becomes higher,
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Figure 5.7: Square root of the optical absorption coefficient α normalized
to the photon energy hν and refractive index n of the GdxNbyOz layer in
the Si/SiO2/GdxNbyOz stacks as a function of photon energy. The vertical
arrows mark the optical absorption onsets of GdxNbyOz layers.
the bandgap width increases gradually and become as large as 4.4 eV in the
Gd5NbOz layer. Moreover, the high density of electron states starting from
∼5.4 eV above the oxide VB edge is observed in GdOx-rich layers, which
may be associated with the Gd-oxide sub-network in the oxide layer since
the bandgap of Gd2O3 is ∼5.4 eV.
The optical absorption onset energy resolved using the SE experiments
as well as the bandgaps determined using the PC experiment results for
GdxNbyOz layers are summarized in Fig. 5.9. The bandgaps of the mixed
GdxNbyOz oxides are found to increase when the Gd/(Gd+Nb) ratio is
larger, as can be seen from the dashed and solid trend lines for results in Fig.
5.9. The gap widths of GdxNbyOz films tend to be close to the bandgap
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Figure 5.8: Y 1/2 − hν plots of PC quantum yield measured on
Si/SiO2/GdxNbyOz/Au capacitors illustrating the determination of
bandgaps of GdxNbyOz layers.
value of the amorphous Nb2O5 layer, which is suggested to be 3.8 eV by the
SE fitting results in this work and 3.4-4.0 eV in the literature [40, 41, 42].
The deviation of the optical onset energy from the PC threshold energy by
∼0.3 eV could be due to the over-simplified model (Lorentz) used in SE
simulation. The Lorentz model describes the electron transition between
two energy levels, instead of the band to band transitions in GdxNbyOz thin
films, and, therefore, hampers the accurate determination of GdxNbyOz
bandgap. A similar situation is found when SE is used to analyze the
bandgap of HfxTiyOz, which will be addressed in section 5.3.
The measured bandgap widths of GdxNbyOz layers are found to be close
to the narrowest constituent bandgap, suggesting that the NbOx sub-
network essentially determines the bandgap edge energies in the mixed
oxides. Moreover, the high density of electron states corresponding to the
CB of the GdOx sub-network retains the same energy level found in the
pure Gd2O3. This may imply the incomplete intermixing of electron states
associated with the NbOx and GdOx sub-networks in the mixed oxide, which
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Figure 5.9: The optical absorption onset energy resolved from the SE results
() and the bandgap width determined using the PC experiments (4) in
GdxNbyOz layers versus Gd/(Gd+Nb) ratio.
can be a consequence of the difference in principle quantum number of the
valence electrons for Nb5+(4d) and Gd3+(5d) ions.
Therefore, assuming again that the VB tops of the constituent oxide sub-
networks are aligned, the energy of the CB bottom edge in these oxides
will determine the energy barrier at the Si/oxide interface, as illustrated
in Fig. 5.10. [61] In the case of the NbOx sub-network dominating the
electron states in the GdxNbyOz films, the energy states associated with the
GdOx sub-network have minor impact on the leakage current, explaining
the higher leakage in the NbOx-rich GdxNbyOz layers.
Conclusions
The bandgaps of the GdxNbyOz layer are found to increase in accordance
with the the Gd/(Gb+Nb) ratio. The insulating properties of the GdxNbyOz
films oxide are suggested to be primarily determined by the NbOx sub-
network. The over-simplified models used in SE fitting may prevent this
technique to accurately resolve the complex oxide bandgap. By contrast,
the bandgap values determined from PC experiments appear to be more
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Figure 5.10: The proposed interface band diagram of Si with Gd2O3, Nb2O5,
and GdxNbyOz mixed oxides, in which the VB top edges of the oxides are
aligned. [61]
reliable. However, the PC measurement may be obstructed by high leakage
currents in the case of a narrow insulator bandgap. Supplementing the SE
measurements by the PC experiments appears to be necessary to obtain
reliable bandgap values of the thin oxide insulators, particularly in the case
of complex oxides.
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5.3 Bandgap Width in Titanates MexTiyOz (Me=Hf,
Ta, Sr)
Titanium-based insulating oxides are considered among the most promising
dielectrics for advanced dynamic random access memory (DRAM) capacitors.
However, despite their high dielectric constant (κ>100) enabling one to
reach the EOT of 0.5 nm and below [16], implementation of titanates in
operational devices is hampered by the high leakage current associated with
their narrow bandgap. It has been shown earlier that the oxide bandgap
width can be increased if mixing TiO2 (Eg=3.0-3.2 eV [27]) with some
other wide-gap oxide, e.g., HfO2 (Eg=5.6 eV [23]) to reduce the leakage.
[142, 143, 144, 145]
In this section, we analyze the relationship between the HfO2 content and
the Hf-titanate bandgap width. Furthermore, we investigate the possibility
of replacement of Hf cations by Ta or Sr cations to obtain titanates with
higher dielectric values as compared to hafnium titanate (κTa2O5 = 24 [36],
κSrO=14.5 [146]) in order to reach a low EOT and, at the same time, obtain
a wide bandgap and hence the low leakage. As a result, we found that
admixture of Hf into the titanates effectuates gap widening along with
increasing HfO2 molar fraction. However, neither Ta nor Sr are found to
provide the desirable gap widening effect, but result in a gap width in the
range 3.1-3.4 eV, typical for the pure crystalline TiO2.
Experimental
The tantalum titanate (Ta2Ti3Oz) layers were prepared using the CVD
technique in an AIXTRON Tricent AVD reactor operated at substrate
temperature of 400 oC. Two separate precursors, in octane diluted
Ti(OPri)2(mmp)2 and Ta(= N tBu)(NEt2)3, were used as the metal
sources. The attained film thickness was ∼20 nm with the relative atomic
Ta:Ti concentration ratio close to 2:3. The hafnium titanate (HfxTiyOz)
and the strontium titanate (SrxTiyOz) layers were prepared by ALD
technique in a cross flow-type ASM Pulsar 3000 reactor. For the HfxTiyOz
film deposition the metal precursors used were HfCl4 and TiCl4 with a
deposition temperature of 300 oC. For the growth of the SrxTiyOz films
the metal precursors used were Sr(tCBu3Cp)2 and Ti(OMe)4 and the
deposition temperature was 250 oC. Water was used as an oxidant in
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all cases. By changing the Hf or Sr to Ti-precursor pulse ratio, one was
able to synthesize a variety of HfxTiyOz or SrxTiyOz compositions. More
details about the HfxTiyOz and SrxTiyOz layers deposition can be found
elsewhere. [147, 148] Worth adding here is that the particular chemistry of
ALD or CVD has little effect on the oxide bandgap edge energies (see, e.g.
Fig. 15 in Ref. [23] for HfO2), allowing us to compare films deposited in
different conditions.
To enable the determination of the titanate bandgap, two kinds of structures
were used. First, MexTiyOz layers were deposited on 1-4 nm thick SiO2
film thermally grown on p-type Si(100) wafers. These structures were
characterized by SE in order to determine the titanate bandgap width from
the optical absorption spectra. As the second characterization technique, the
PC measurements were performed using capacitors fabricated by depositing
semitransparent Au electrodes on top of the MexTiyOz layers through a
shadow mask. [23] The area and thickness of the Au top electrodes were
0.5 mm2 and 15 nm, respectively. The bottom SiO2 layer served in this
structure as a barrier for electron/hole tunneling from Si that allowed us to
reduce leakage current.
Furthermore, in order to approach the real DRAM capacitor structure,
the PC measurements were also done using MIM capacitors. In this case
MexTiyOz layers were grown on top of the metal layers such as Pt, Ru,
RuO2, or TiNx first deposited on p-type Si(100) wafers. Subsequently,
rapid thermal annealing (RTA) was performed at 600-700 oC for 1 min in
oxygen or nitrogen ambient to crystallize the oxide films, which is needed to
attain the desirable high dielectric permittivity. The TE was fabricated by
evaporating a semitransparent Au layer, which provides a sufficiently high
barrier between its Fermi level and the oxide CB, leading to a relatively low
leakage current. As a technologically relevant alternative to gold, physical
vapor deposited TiNx TEs, compatible with the DRAM fabrication process,
subsequently patterned by wet etching were used. [149] An aluminum layer
was evaporated on the back side of the Si wafer to ensure good electrical
contact.
The optical absorption coefficient α of MexTiyOz layers was evaluated in
non-metalized samples from the SE data in the hν range from 2 to 6.2 eV.
In the PC spectroscopy experiments conducted at room temperature, the
samples were illuminated by monochromatic light of hν in the range 1.5-6.5
eV with a 2 nm spectral resolution. The quantum yield (Yield) is defined as
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the ratio between the number of free charge carriers generated in the insulator
and the number of incident photons per unit time, which is equivalent to
the ratio between the measured photocurrent and the incident photon flux.
The PC measurements offer better accuracy of the gap determination [150]
as they do not require the model-dependent simulation as in the case of
SE. [92, 93] However, though the PC experiment provides more reliable
information than SE, the large leakage through the MexTiyOz layers may
hamper the detection of the photocurrent. For this reason we compare SE
and PC results regarding bandgap width in all the studied oxides. The SE
experiments and simulations were done by Dr. M. Badylevich.
Results and Discussion
I. HfxTiyOz
The spectral dependences of the optical absorption coefficient α normalized
to hν and refractive index n, obtained from the SE measurements on the
as-deposited 20 nm thick HfxTiyOz films on 1 nm SiO2 with a Hf/(Hf+Ti)
ratio ranging from 0 to 100 %, are shown in Fig. 5.11(a). These optical data
reveal the clear trend that, with increasing the HfO2 content, the optical
absorption onset energy of the as-deposited HfxTiyOz becomes larger.
In order to reliably evaluate the oxide bandgap width over an entire range
of HfxTiyOz compositions, we analyzed their PC spectra using Y 1/2 − hν
plots, as illustrated in Fig. 5.11(b). [23, 150] PC spectral thresholds
determined from these plots correspond to the bandgaps of the HfxTiyOz
layers of different compositions. The HfxTiyOz bandgap width is observed
to increase from 3.5 eV to 4.3 eV as the Hf/(Hf+Ti) fraction increases from
30% to 84%, revealing the same trend as the optical absorption spectra
shown in Fig. 5.11(a). Considering the value of the bandgap, we suggest
that it is primarily determined by the TiO2 sub-network in the HfxTiyOz
film since the ALD-grown amorphous TiO2 gap width is 4.4 eV. [23, 151]
This hypothesis can be supported by the fact that after RTA (700 oC for
1 min in O2 ambient), the PC thresholds of crystalline HfxTiyOz layers
shift towards the lower photon energy (∼3.4-3.6 eV), as illustrated in Fig.
5.12. This resembles the decrease of gap width in TiO2 after crystallization
[Eg =3.0/3.2 eV (rutile/anatase) [27]]. Similarly, in the case of HfxTiyOz
deposited on the metallic bottom electrode (Pt), the mixed oxide bandgap
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Figure 5.11: (a) The (αhνn)1/2-hν plot of 20 nm as-deposited (as-dep.)
HfxTiyOz layers of different composition on a 1 nm SiO2/p-Si(100)
substrate. It is seen that the energy of the optical absorption onset
becomes larger as the Hf/(Hf+Ti) atomic fraction increases. The horizontal
arrow points from TiO2-rich towards the HfO2-rich layers. (b) Bandgap
determination using the PC Y 1/2-hν plots measured on p-Si(100)/1 nm
SiO2/20 nm as-deposited HfxTiyOz/Au capacitors under the indicated bias
applied to the Au electrode. Vertical lines mark the inferred PC spectral
thresholds with the values given in eV.
also appears to be close to the gap width of TiO2 both in as-deposited and
annealed layers, as illustrated in Fig. 5.13(a) and (b), respectively.
As a general trend, the gap width of HfxTiyOz is found to widen as
the HfO2 content increases. This may be explained by the reduced
overlap of Ti cation electron states in the diluted TiOx sub-network due
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Figure 5.12: Bandgap determination of 20 nm HfxTiyOz films subjected
to the crystallization by RTA (700 oC; 1 min; O2) using the PC Y 1/2-hν
plots measured on p-Si/1 nm SiO2/20 nm HfxTiyOz/Au stack. Vertical
lines mark the inferred PC spectral thresholds with the values given in eV
(error margin: ±0.1 eV).
to the considerable difference in energy between the CB edges of TiO2 and
HfO2. The crystallization induced bandgap narrowing in HfxTiyOz can
be explained by the downshift of CB edge in TiOx sub-network due to the
possible phase separation.
II. Ta2Ti3Oz
To determine the bandgap of the Ta2Ti3Oz layer deposited on SiO2/Si
substrate, the optical absorption coefficient α (normalized to hν and
refractive index n), as measured as a function of photon energy using
SE, is plotted in Fig. 5.14(a). The inferred bandgap width of 3.2 eV appears
to be remarkably close to that of pure crystalline TiO2. The results of PC
measurements presented in Fig. 5.14(b) as a Y 1/2-hν plot affirm the above
conclusion. Apparently, the constituent oxide with the narrowest gap, which
is TiO2 in this case, determines the bandgap of Ta2Ti3Oz.
III. SrxTiyOz
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Figure 5.13: Bandgap determination of HfxTiyOz films using the PC Y 1/2-
hν plots measured on Pt/20 nm HfxTiyOz/Au MIM capacitors with (a)
as-deposited and (b) crystallized by RTA (700 oC; 1 min; O2) HfxTiyOz
layers. Vertical lines mark the inferred PC spectral thresholds with the
values given in eV
The optical absorption spectra of several 20 nm SrxTiyOz (STO) layers of
different composition deposited on SiO2/Si substrate and subjected to RTA
(600 oC; 1min; N2) are shown in Fig. 5.15 as (αhνn)1/2 − hν plots. The
absorption edge is seen to shift to higher photon energy as the Sr content
in SrxTiyOz films increases. However, it appears difficult to extract the
bandgap from these spectra because the threshold of the optical absorption
is not clearly resolved.
On the other hand, the PC spectra reveal the threshold at Eg=3.1±0.1
eV for the same STO/SiO2 stacks with Au electrodes on the top of the
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Figure 5.14: Determination of bandgap width of a 20 nm thick Ta2Ti3Oz
layer deposited on a 2 nm SiO2/p-Si(100) substrate from (a) the optical
absorption and (b) PC Y 1/2-hν spectra. The inferred spectral thresholds
are indicated by vertical lines.
titanate films, as illustrated in Fig. 5.16(a). Furthermore, the PC spectra
obtained on STO MIM capacitors with 10 nm thick SrT iO3 and 7 nm thick
Sr0.62Ti0.38Oz layers deposited on a Pt bottom electrode and subsequently
crystallized by RTA in N2 (open symbols) or O2 (filled symbols) ambient
(600 oC; 1 min) are also shown in Fig. 5.16(b) for comparison. The gap
value of ∼3.3 eV found for both studied STO compositions remains close to
that of the pure crystalline TiO2 (Eg =3.2 eV). Apparently, the Ti-derived
electron states associated with the TiOx sub-network determine the width
of the STO bandgap. Variations of the STO film thickness, composition,
and annealing ambient (O2 versus N2) have no significant influence on the
gap width.
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Figure 5.15: Square root of the normalized optical absorption coefficient
α as a function of photon energy for 20 nm thick STO layers of different
composition deposited on a 4 nm SiO2/p-Si(100) substrate. Though one
observes a clear increase in the optical absorption with the decreasing Sr
content, extraction of the gap width is problematic.
A slight (∼0.2 eV) difference in the gap value is observed between STO
layers deposited on SiO2 as compared to those grown on Pt. However, this
difference is close to the PC experimental error margin (±0.1-0.2 eV) and
will not be discussed further here.
Conclusions
By combining the results of SE and PC measurements on thin layers of
titanates of different metals (Hf, Ta, and Sr), we found that the observed
variation in the bandgap is likely to be associated with the evolution of
Ti-derived electron states at the bottom of the oxide CB. In the case of
Ta and Sr titanates, the lowest observed gap remains close to that of pure
TiO2 (∼3.2 eV [27]) despite the intrinsically wider gaps in Ta2O5 and SrO
(∼4.4 eV in the both cases [27]). This observation suggests that "dilution" of
the TiO2 sub-network by cations of another sort (Ta, Sr) does not prevent
the development of the TiO2-like electronic density of states.
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Figure 5.16: (a) Square root of the PC quantum yield as a function of
photon energy in 20 nm STO layers of different composition deposited on
a 4 nm SiO2/p-Si(100) substrate after the RTA crystallization treatment
in N2 (600 oC; 1 min). (b) Square root of the PC quantum yield as a
function of photon energy in Pt/STO/Au MIM capacitors. The STO film
is crystallized by RTA in N2 (open symbol) or O2 (filled symbol) ambient
(600 oC; 1 min). The STO layer thicknesses and applied bias on the Au
electrode are indicated in the legend. Vertical lines indicate the observed
spectral thresholds of the intrinsic PC.
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By contrast, Hf titanates show a gradual increase in bandgap value with
increasing Hf/(Hf+Ti) atomic fraction of the wide-gap HfO2 component
(Eg= 5.6 eV). Apparently, the higher energy offset between the Ti-derived
and the Hf-derived electron states (as compared to Ta and Sr) in the CB
of the complex oxide interferes with the overlap between the d-states of
the neighboring Ti cations. Most usefully, layers of HfxTiyOz deposited
on metallized substrates show the same trend. In this way, a wider gap
can be attained, facilitating the reduction of the leakage current in DRAM
capacitor structures.
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5.4 Conclusions
As the major conclusion from chapter 5, the experimental results suggest
that the constituent oxide with the narrowest gap essentially determines
the electronic structure of the complex oxides. In most cases, the narrowest
gap among the constituent oxides is retained in the complex oxides, such
as TaSiOx, TaT iOx, and SrxTiyOz. In other cases, like GdxNbyOz and
HfxTiyOz, the (narrower) bandgap width in the complex oxide is closer
to the width of the narrowest constituent oxide gap and gradually change
in linear proportionality to the ratio between the constituent oxides. The
electron states of the sub-network associated with the constituent oxide
with the narrowest gap seem to primarily determine the oxide leakage. In
summary, the goal to synthesize a dielectric combining the wide bandgap
and the high permittivity by mixing two oxides is not achieved since the
narrow bandgap is still observed.
With respect to the research methodology, the results suggest that the SE
is insufficiently accurate to determine the real bandgap values in complex
oxides, which is probably due to the oversimplified optical absorption models
used in the simulation process. By contrast, the PC experiments are capable
of precisely resolving the multiple bandgap structure originating from the
constituent oxide sub-networks. However, the PC bandgap determination
may be obstructed by high leakage, which makes the combination of the
PC and SE analysis the most reliable way to evaluate the gap width of thin
insulating layers.
Chapter 6
SrxTiyOz as insulator in MIM
capacitors
6.1 Introduction
Aggressive downscaling of dynamic random access memory (DRAM) devices,
which requires vertically integrated capacitors with an equivalent oxide
thickness (EOT) below 0.5 nm, faces severe challenges to attain sufficiently
low leakage current. [16] Crystalline SrxTiyOz is seen as one of the most
promising candidates for the insulating layer, with its dielectric constant
(κ) as high as 210 [152] and an optical bandgap of up to Eg '3.25 eV
[45]. In addition, by using the atomic layer deposition (ALD) method to
grow the SrxTiyOz layer followed by a crystallization anneal, one ensures
an optimal layer thickness uniformity and conformity. [148] However, the
annealing treatment which is necessary to attain the high κ-value leads
to the formation of cracks in the ALD SrxTiyOz film and results in high
leakage. Fortunately, it has been found that by increasing the Sr/(Sr+Ti)
atomic ratio in the SrxTiyOz film to ∼64 %, one attains crystallization in
a metastable perovskite structure with smaller grain size. Thanks to this,
the formation of cracks can be avoided and the SrxTiyOz leakage current
can be reduced to 10−7 Acm−2 for an external bias of 1 V is applied to the
MIM capacitors with a SrxTiyOz layer of 0.45 nm EOT. [153]
Although in this case the dielectric constant of the SrxTiyOz layer decreases
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with increasing Sr content from ∼210 for a stoichiometric SrT iO3 film to
∼50 for Sr-rich SrxTiyOz films [Sr/(Sr+Ti)=64 %], it is still possible to
attain EOT<0.5 nm. The relationship between the SrxTiyOz dielectric
constant and the Sr/(Sr+Ti) ratio is illustrated in Fig. 6.1 (adapted from
Fig. 1(a) in Ref. [44]). In the same figure, the corresponding SrxTiyOz
bandgap width variation (∆Eg) and the change in lattice constant (a) of
crystallized SrxTiyOz layers are shown for comparison.
Figure 6.1: Dielectric constant κ, bandgap variation ∆Eg, and change
of lattice parameter ∆a of perovskite SrxTiyOz films versus relative Sr
concentration. [44]
We have found that the influence of the SrxTiyOz composition on its Eg is
minor when changing the [Sr/(Sr+Ti)] ratio from 50 to 67 %, as discussed
in section 5.3. [154] Nevertheless, this increase in Sr content allows one
to effectively reduce the leakage current through the SrxTiyOz layer by
several orders of magnitude. [44] Apparently then, the leakage of SrxTiyOz
is not controlled by the oxide bandgap. It is possible that the enhanced
electron transport across the SrxTiyOz film may be caused either by a
low barrier at its interfaces (a negative CB offset at the (100)Si/SrxTiyOz
interface has been reported [155]) or, else, by the presence of defects in
the insulating layer. Interestingly, the replacement of the TiNx bottom
electrode (BE) by Ru/RuO2 in MIM capacitors was found to further reduce
the electrical conduction, even in the case of electron injection from the
TiNx top electrode (TE) in the same MIM capacitor, as shown in Fig. 6.2
(Fig. 4 in Ref. [156]).
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Figure 6.2: The SrxTiyOz leakage current density (JG) versus EOT as
measured at 1.0 V (a), 0.8 V (b), and -1.0 V (c) bias, comparing results
obtained in Ref. [44] to the literature results. (Fig. 4 in Ref. [44])
These observations give rise to several important questions: Does the
interface barrier intrinsically determine the electron transitions across the
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metal/SrxTiyOz interface? Or, alternatively, is the observed leakage current
controlled by imperfections in the oxide? In the former case, further leakage
reduction will be difficult to achieve if using SrxTiyOz as an insulator
which would mandate the search for an alternative insulating material.
Conversely, would the leakage be defect-controlled, it might be possible to
reduce the defect density further by technological means while continuing
to use SrxTiyOz as the insulator.
In this chapter we address these issues by performing a detailed analysis of
the metal BE/SrxTiyOz interfacial barrier height behavior (BE=TiNx, Ru,
or Ru/RuO2) in MIM capacitors using IPE spectroscopy. The results show
that an identical ∼1.4-eV barrier height (Φ) at the metal/SrxTiyOz interface
is independent of the metal work function (WF) in vacuum, suggesting
Fermi level pinning, as will be discussed in section 6.3.
In section 6.4, we present analysis of the temperature-dependent electrical
conduction of 9-10 nm thin Sr-rich SrxTiyOz layers with (Sr)/(Sr+Ti)
ratio increasing from 58 % to 64 % (EOT= 0.4-0.8 nm) studied in MIM
capacitors with different BEs. The temperature (T)-dependent (at T>130K)
and T-independent (at T≤130K) behaviors of the electron conduction in
Sr-rich SrxTiyOz layers are well described by the Poole-Frenkel (PF) and
the trap-assisted tunneling (TAT) models, respectively. Moreover, the depth
of the electron trap level below the oxide CB edge for the electrons emitted
from the TiNx and RuO2 electrodes is found from the PF fitting results to
be the same, i.e., 0.8±0.2 eV . Using this trap depth, the effective tunneling
mass of the electrons (m∗e) in SrxTiyOz is estimated to be ∼0.8 free electron
mass (me) by fitting the low-T J-V curves using the TAT model.
To evaluate the intrinsic limit of the leakage improvement determined by the
interface barrier height, the tunneling-limited leakage current is calculated
assuming a tunneling barrier height of 1.5 eV for a trap-free 8 nm thick
SrxTiyOz layer at several temperatures. The estimated leakage levels
appear to be several orders in magnitude smaller than the leakage observed
experimentally. This suggests that leakage is still defect-controlled rather
than reflecting the intrinsic properties of SrxTiyOz. As the major practical
conclusion, we propose that further reduction of the leakage can possibly
be achieved by improving the SrxTiyOz layer fabrication technology, in
particular, by limiting the oxygen deficiency of the film.
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6.2 Experimental
The studied samples were prepared on 300 mm (100)Si wafers using TiNx
(10 nm), TiNx (10 nm)/Ru (5 nm), or TiNx (10 nm)/Ru (4 nm)/RuO2
(∼1 nm) layer(s) as the MIM capacitor BEs, in order to provide different
metal WFs. The dielectrics deposited on top of the BE were either 9- or
10-nm thick layers of SrxTiyOz [Sr/(Sr+Ti)≈ 64 %] or a stack comprised
of a 0.5-1 nm thick TiO2 layer with 8-9 nm thick SrxTiyOz [Sr/(Sr+Ti)≈
58-61%] on top. All dielectrics were deposited using the ALD technique
at 250 oC from Sr(tBu3Cp)2, Ti(OMe)4, and H2O precursors, and then
subjected to crystallization annealing in N2 at 600 oC for 1 min. Physical
characterization (the results have been reported elsewhere [156]) indicates
that after annealing the TiO2 layer was dissolved in the SrxTiyOz layer,
resulting in a homogeneous oxide layer with an increased Ti content. [156]
Finally, semitransparent 40-nm thick TiNx (x≈1) top electrodes (TE) were
deposited by plasma vapor deposition and then patterned to form MIM
capacitor structures of 0.25 mm2 area.
The electron barrier height at the BE/SrxTiyOz interfaces was probed by
using IPE measurements performed at 300K in the hν ranges of 1.25-4.1 eV
and 1.5-6.0 eV by using quartz W-halogen and Xe-arc lamps, respectively.
When biasing the studied MIM capacitor by applying a voltage (V) to the
TE, the current density (J) across the insulating layer under illumination,
light-J, and the dark current density, dark-J, were measured during the
stepwise increase of the photon energy hν. Then the quantum yield (Y) was
defined as the photocurrent density, equal to the difference between light-J
and dark-J, normalized to the incident photon flux. The electron transport
in these MIM structures was studied by analyzing current density-voltage
(J-V) curves in the temperature range 80-363K, from which the electron
trap depth (Et) and the effective electron tunneling mass m∗e in SrxTiyOz
layers were estimated.
6.3 Energy Barriers for Electrons at metal/SrxTiyOz
Interfaces
The observed values of the light-J and dark-J are shown in Fig. 6.3 as
a function of photon energy by open and filled symbols, respectively, as
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measured on MIM capacitors with Sr-rich SrxTiyOz insulating layers, TiNx
TEs, and BEs of different composition (TiNx, Ru, RuO2). Both the light-J
and dark-J are seen to decrease in the range hν=1.25-1.4 eV which reflects
the slow relaxation of the current density due to the filling of traps by the
same type of charge carrier (electron or hole) in the SrxTiyOz insulating
film. Moreover, the values of light-J and dark-J are nearly the same, which
indicates the minor contribution of the photoconduction mechanism(s) to
the measured current densities.
However, when the photon energy exceeds ∼1.4 eV, the curves begin to
diverge: The light-J decreases slower as compared to the dark-J and then
starts to increase as the photon energy further increases. At the same
time, the dark-J continues to decrease with the increasing photocurrent.
This indicates a charge carrier photo-injection starting from hν ≥1.4 eV.
Photo-injection of electrons from the metal cathode represents the most
probable photoconduction mechanism because of the high electron affinity
of SrxTiyOz, which has been reported to have a negative CB offset of
∼-0.2 eV with the Si(100) substrate. [155] This observation suggests a
smaller energy barrier for the injection of electrons than that for holes at
interfaces between the metal electrodes and the SrxTiyOz layer. Therefore,
the optically stimulated injection of charge carriers of the same charge
sign (electrons) gives rise to the photocurrent across the SrxTiyOz layer.
Some of these photo-injected electrons are captured by the electron traps
in SrxTiyOz film and increase the electron trap occupancy. The retarding
electric field due to the trapped charge suppresses further electron injection
from the metal and causes the dark-J relaxation to a lower value as can be
seen from Fig. 6.3.
By contrast, both the light-J and dark-J rise by several orders of magnitude
after exposing the samples to photons with hν exceeding 3.2 eV, as illustrated
in Fig. 6.4(a). The PC spectral threshold for Sr-rich SrxTiyOz is determined
to be 3.2±0.1 eV, as illustrated in Fig. 6.4(b) which is in agreement with
the earlier reported result [154]. The dark-J relaxation is reversed at hν ∼
3.2 eV suggesting that holes generated in SrxTiyOz annihilate the electrons
trapped in the oxide layer. Since this is equivalent to the removal of the
electrons from the SrxTiyOz layer, a higher density of electrons is injected
from the metal electrode into the oxide layer due to a lower retarding field
induced by the remaining trapped electrons.
The behavior of the dark-J, i.e., the relaxation at 1.4< hν <3.2 eV and
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Figure 6.3: The light-J (open symbols) and dark-J (filled symbols) as a
function of photon energy as measured in SrxTiyOz MIM capacitors with
TiNx TE and TiNx (a), Ru (b), and Ru/RuO2 (c) BEs. The bias applied
to the TiNx TE is indicated in each panel. The physical thickness and the
EOT of the SrxTiyOz layers are 9-9.5 nm and 0.4-0.45 nm, respectively.
the increase at hν ≥3.2 eV, shows that the electric field driven electrical
conduction is affected by the electron trap occupancy in the SrxTiyOz
layer. On the other hand, under illumination, electrons in the metal have
sufficient energy to enter the CB of the SrxTiyOz layer, as illustrated in
Fig. 6.5. In this case, the electron IPE from the metal electrode appears to
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Figure 6.4: (a) Plots of light-J (M) and dark-J (N) as a function of photon
energy as measured on TiNx/SrxTiyOz/T iNx capacitors. The insert shows
the magnified plot of the dark-J in the vicinity of the SrxTiyOz PC
spectral threshold. (b) Y 1/2 − hν plot of PC quantum yield as measured
on TiNx/SrxTiyOz/T iNx capacitor. The insert shows the scheme of the
observed PC transitions in SrxTiyOz. A bias voltage equal to 0.3 V was
applied to the TiNx TE. The physical thickness and the EOT of the
SrxTiyOz layer are 10 nm and 0.8 nm, respectively.
be the major photocurrent-generation mechanism. In the limiting case of an
ideal (trap-free) oxide, the electron injection rates from the TE or BE will
determine the ultimate (intrinsic) insulating performance of SrxTiyOz in
MIM capacitors. Therefore, quantization of the energy barrier for electron
IPE at the metal/SrxTiyOz interface is important to evaluate the feasibility
of using this material in DRAM capacitors.
The spectral threshold energy Φ for electron IPE from TiNx, Ru, and RuO2
electrodes into the Sr-rich SrxTiyOz layer is determined by extrapolating
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Figure 6.5: The proposed band diagram of SrxTiyOz MIM capacitors with
the TiNx, Ru, or Ru/RuO2 BE, when a positive bias Vg >0 is applied to
TiNx TE, q is the elementary charge. The electron IPE threshold energy Φ
is equal to the energy difference between the metal Fermi level (EF ) and
the SrxTiyOz CB minimum. CB and VB edges of the trap-free (defective)
SrxTiyOz layer without (with) trapped-electrons are represented by the
solid (dashed) lines. The PC threshold energy is equal to the bandgap of
SrxTiyOz, marked as Eg.
the linear portion of the Y 1/2− hν plot to the zero yield level, as illustrated
in Fig. 6.6. The Φ values are found to be identical, i.e., 1.4±0.1 eV for
electrons emitted from TiNx, Ru, and RuO2 BEs, as listed in Table 6.1.
These energy barriers at metal/Sr-rich SrxTiyOz interfaces for electrons
appear to be insensitive to the metal electrode WF (cf. Table 6.1). This
suggests that the metal Fermi level is pinned at the metal/Sr-rich SrxTiyOz
interfaces, or, else, that electrons are injected through photoionization of
near-interface oxide traps. Since the latter mechanism corresponds to the
removal of the trapped electrons from the insulator, it is expected it would
cause an increase of the dark current similar to what happens upon the
recombination of electrons with the photogenerated holes in the intrinsic
PC spectral range hν >3.2 eV. However, on the basis of the observation
that the dark-J continues to decrease upon the electron photo-injection in
the spectral range 1.4<hν<3.2 eV, the electron IPE from the metal cathode
represents the most probable photocurrent generation mechanism. In this
case, the inferred spectral threshold directly reflects the energy barrier
between the Fermi level of the metal and the bottom of the CB of SrxTiyOz
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Figure 6.6: Fowler plots of IPE yield as measured on SrxTiyOz MIM
capacitors with TiNx (a), Ru (b), or Ru/RuO2 (c) BEs under the indicated
bias voltage applied to TiNx TE. The thresholds of electron IPE from metal
BE to SrxTiyOz CB minimum (Φ) are determined to be 1.4±0.1 eV in all
three cases. The physical thickness and EOT of the SrxTiyOz layers are
9-9.5 nm and 0.4-0.45 nm, respectively.
insulator.
Interestingly, nearly the same 1.31-1.47 eV IPE threshold energies at
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the metallic SrRuO3/Nb-doped stoichiometric SrT iO3 (Nb:SrT iO3) and
Au/Nb:SrT iO3 interfaces have been reported by Hikita et al. [157, 158]
The WFs of SrRuO3 and Au (WFSrRuO3=5.2 eV [159] and WFAu=5.1
[160]) are different from the WFs of the metals used to fabricate the
MIM capacitor BEs (TiNx, Ru, and RuO2) in our study (cf. Table
6.1). This observation supports the hypothesis regarding the Fermi level
pinning at the metal/Nb:SrT iO3 interfaces at the energy level ∼1.4 eV
below the CB minimum in the forbidden gap of the stoichiometric SrT iO3
layer. It is worth adding here that the observation of the same Φ values
experimentally observed at metal/SrxTiyOz interfaces for both Sr-rich
SrxTiyOz and stoichiometric SrT iO3 is different from the trend proposed
by J. Robertson [161] for stoichiometric SrxTiyOz Schottky barrier heights
which are, instead, predicted to become larger with increasing metal WF.
However, the large spread of the data presented in Fig. 5 of Ref. [161]
makes the experimental support for these calculations rather weak.
The energy level at which the Fermi level is pinned lies ∼1.4 eV below the
SrxTiyOz CB minimum, which is close to the middle of the 3.2-eV wide
SrxTiyOz bandgap. This nearly mid-gap energy state has been associated
by P. Krüger et al with the intrinsic states of Ti3+ ions at lattice sites in
the TiO2 crystal. [162, 163] In their study, the peak of the electron density
is observed to be in the middle of the TiO2 bandgap as apparent from
photoemission spectra measured on the defective TiO2 crystal surface (cf.
Fig. 1(a) in Ref. [162]). The high density of gap states is found in TiO2
crystals with a substantial function of the electron density distributed over
Ti4+ ion lattice sites within the second atomic layer beneath the TiO2(110)
surface/interface. This distribution is observed independently of the way
the excess electrons were introduced. These excess electrons bound to the
lattice Ti4+ ions give rise to Ti3+ energy states in the TiO2 forbidden
gap. For the metal/TiO2 contacts studied here, the excess electrons may
be supplied by the metal electrode. Therefore, the metal Fermi level will
become aligned with the mid-gap Ti3+ energy states leading to the Fermi
level pinning. In this way, the identical ∼1.4 eV energy barrier for electrons
at interfaces between metals with different WFs and SrxTiyOz layers can
be explained by the metal Fermi level pinning by the Ti3+ gap states in the
common TiOx-subnetwork in SrxTiyOz layers of different stoichiometry.
To further support the proposed hypothesis regarding the pivotal role of
the TiOx sub-network in the Fermi level pinning at the metal/SrxTiyOz
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Table 6.1: Literature WF values of metals used as electrodes, the electron
IPE threshold energy Φ at the metal/Sr-rich SrxTiyOz interface, and the
electron trap depth Et determined from the fitting to the PF emission
model.
Metal WF (eV) Φ (eV) Et (eV)
TiNx 4.2-4.9[164] 1.4±0.1 0.9±0.1
Ru 5.2[165] 1.4±0.1 -
Ru/RuO2 5.7[166] 1.3±0.1 0.7±0.1
interfaces, we addressed the energy barriers at interfaces of pure TiO2
(rutile) and Al-doped TiO2 layers with a metal. The rutile TiO2 film was
prepared using the ALD technique in a flow-type ASM Pulsar 3000 reactor
on a 1.5 nm RuO2/5 nm Ru/10 nm PVD TiNx/Si(100) substrate at 250 oC,
employing Ti(OCH3)4 as the metal source precursor and H2O or O3 as the
oxidant. To introduce Al cations into the TiO2 layer, TMA and O3 were
used as precursors and Al2O3/O3 cycles were introduced between TiO2/O3
cycles aiming at a final layer composition of ∼ 1 at% Al in the TiO2 layer.
The layer thicknesses of both the rutile TiO2 and the Al-doped TiO2 films
were around 12 nm. The details of the TiO2 film fabrication can be found
elsewhere. [167]
The J-hν curves measured on MIM capacitors with the insulating rutile
TiO2 and Al-doped TiO2 layers are illustrated in Fig. 6.7(a) and (b),
respectively. The light-J is seen that diverging at hν=1.4-1.5 eV from the
continuous gradually decreasing dark-J. The observed dark-J relaxation
suggests the filling of electron traps in the oxide layers by the photo-injected
electrons from the metal BEs, which is consistent with the photocurrent
generation by electron IPE from the Ru/RuO2 BE.
Next, using the Y 1/2 − hν plots, the PC threshold of rutile TiO2 is found
to be 3.0 ± 0.1 eV, as illustrated in Fig. 6.8(a), which agrees with the
value reported in the literature [27], and remains nearly unchanged after
Al doping, as illustrated in Fig. 6.8(b). Apparently, the Al-doping has
minor influence on the band structure of the TiO2 layer. The threshold
energy for electron IPE from the RuO2 BE into the rutile TiO2 and the
Al-doped TiO2 CB is determined to be 1.5± 0.1 eV, as illustrated in the
inserts of Fig. 6.8(a). This result indicates that the metal electrode Fermi
level is energetically positioned close to the mid-gap of the common TiO2
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Figure 6.7: The light-J (open symbols) and dark-J (filled symbols) as a
function of photon energy as measured on MIM capacitors with rutile TiO2
(a) and Al-doped TiO2 (b) insulating layers. The TE and BE are TiNx and
RuO2, respectively. The bias applied to the TiNx TE is indicated in each
panel. The physical thicknesses of TiO2 and Al-doped TiO2 layers are both
12 nm.
host matrix.
Apparently, the metal electrode supplies electrons which become bound to
the the Ti4+ ions with energy levels in the vicinity of the mid-gap in the
TiO2 crystal. [163, 162] It may be worth to point out that the leakage
reduction by almost one order of magnitude is observed in the Al-doped
TiO2 layer as compared to the rutile TiO2 thin film despite the same
interface barrier height, as can be seen from the dark current values shown
in Fig. 6.7. This may suggest that the leakage is determined by defects
rather than by the interface barrier, pointing to a lower density of gap states
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Figure 6.8: Fowler plots of the photocurrent yield measured on MIM
capacitors with rutile TiO2 (a) and the Al-doped TiO2 (b) insulating layers
grown on the 1.5 nm RuO2/5 nm Ru BE layers. The PC thresholds are
determined by extrapolating the sharply increasing linear portion of the
Y 1/2-hν curve to the subtreshold signal level. The inserts show the magnified
Y 1/2-hν plots illustrating the determination of the electron IPE thresholds
by extrapolating the rising part of the IPE yield square root curve to the
thermal photocurrent background level.
in the Al-doped TiO2. [168]
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6.4 Electron Trap Depth and Effective Electron
Tunneling Mass in SrxTiyOz layers
The experimental results discussed in the previous section indicate that the
variation of leakage current in SrxTiyOz MIM capacitors is uncorrelated
with the metal WF or with the interface barrier height that remains nearly
constant. This observation suggests that the leakage is controlled by
electron transport assisted by traps present in the insulating layer. The
trap-assisted conduction is expected to be temperature-activated because
it involves the excitation of electrons from the trap level into the band
states of the insulator. To investigate whether the temperature (T)-
dependent mechanism is determining the dark electrical conduction, J-V
curves were measured in the range T=80-363K on TiNx/SrxTiyOz/T iNx
and TiNx/Ru/RuO2/SrxTiyOz/T iNx MIM capacitors with Sr/(Sr+Ti)
ratio of ≈58-64 % and EOT equal to 0.4-0.45 nm. The J-V curves measured
on the TiNx/Ru/RuO2/SrxTiyOz/T iNx MIM capacitor are shown in Fig.
6.9(a). The electrons are injected from the Ru/RuO2 BE and TiNx TE when
positive and negative bias voltages are applied to the TE, respectively, as
indicated next to the corresponding J-V curve sets. In both cases J is nearly
T-independent in the range 80-130K while a thermally-activated leakage
increase is observed for T>130K, as additionally illustrated in Fig. 6.9(b),
suggesting two different electron transport regimes. The absence of thermal
activation for T≤130K indicates tunneling as the current-limiting step
while for T>130K a thermal-activated mechanism provides an additional
contribution to the leakage.
To get further insight into the nature of SrxTiyOz conduction, we analyzed
the J-V curves measured at T≥270K because in this range the thermally-
activated electrical conduction mechanism is dominating the leakage
behavior. The T-dependent behavior of SrxTiyOz leakage can possibly
be described by using the Schottky or Poole-Frenkel (PF) emission models.
In the case of the Schottky model, an electron thermally activated inside
the metal electrode overcomes the interfacial barrier and then drifts towards
the opposite electrode in the externally applied electric field. Alternatively,
in the PF emission model, the current is controlled by thermal emission of
trapped electrons from a defect energy level in the insulator bandgap into
the insulator CB. The functional forms of Schottky and PF emission models
can be expressed by the following equations:
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Schottky : J ∝ exp(− Φ
kBT
)exp( β2kBT
E1/2) (6.1)
Poole− Frenkel : J ∝ exp(− Et
kBT
)exp( β
kBT
E1/2)E (6.2)
where Φ denotes the barrier height at the metal/insulator interface, Et
represents the trap energy depth below the oxide CB edge, kB is the
Boltzmann constant, E is the electric field across the insulating oxide layer,
and β = ( q
piε0εi
)1/2 where ε0 is the vacuum permittivity, while εi is the high
frequency relative permittivity of the insulator. [15, 169]
The Schottky fitting yields an unrealistically low SrxTiyOz dynamic εi
value (<1) and is thus discarded. This conclusion is also consistent with
the above mentioned lack of correlation between the interface barrier height
Φ and the leakage current variations. By contrast, the εi dynamic values
obtained from the PF fitting are in the reasonable range: For the SrxTiyOz
layer adjacent to TiNx and Ru/RuO2 electrodes, the inferred εi values
are 1.8±0.3 and 5±1, respectively. At the same time, close Et values are
found for electron traps in the SrxTiyOz layer near TiNx and Ru/RuO2
electrodes: 0.7±0.1 eV and 0.9±0.1 eV, respectively.
In the PF emission model, the coefficient β reflects the impact of the filled
electron traps on the electric field across the insulating layer. Assuming
that the same traps are involved in the electrical conduction, a difference in
the inferred εi values suggests a deviation from the ideal PF model due to
the trapped charges. In other words, the difference in the εi values derived
from the J-V curves of different slopes may be caused by the non-uniform
electrical field distribution which results from a non-homogeneous trapped
electron concentration across the SrxTiyOz thickness.
To determine whether the PF emission model provides a physically realistic
description of the thermally activated electron transport in SrxTiyOz layers,
we evaluated the effect of the trapped charge on the apparent εi values.
Since the leakage current is lower when electrons are injected from the
RuO2 electrode of the RuO2/SrxTiyOz/TiNx MIM capacitor, the electron
trap concentration in the SrxTiyOz layer adjacent to the RuO2 BE must
be lower than that in the region adjacent to the TiNx TE which exhibits
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a higher electron injection rate. Therefore, when electron traps are filled
by the electrons under the influence of the applied electric field, the lower
concentration of the trapped electrons would correspond to the lower local
strength of the associated electric field. This results in the smaller influence
of the trapped charge on the externally applied electric field in the SrxTiyOz
layer when a positive bias voltage (Vg >0) is applied to TiNx TE.
To evaluate the density of the trapped electrons quantitatively, we consider
a simplified model assuming that the SrxTiyOz layer is initially neutral and
becomes charged negatively upon the injection of electrons. The electric
field remains constant in each of the two halves of the SrxTiyOz layer but
its strength is different near the RuO2 BE and the TiNx TE, as illustrated
in Fig. 6.10. In this case, the average field strength E can be written as
E = E1 + E22 , where E1 and E2 are the strengths of the local electric fields
in the SrxTiyOz layer adjacent to the RuO2 BE and TiNx TE, respectively.
The relationship between E1 and E2 can be expressed as
E1 = aE2 > 0 (6.3)
where a > 1. Next, the apparent high frequency permittivities ε1 and ε2 can
be assigned to the SrxTiyOz layers close to the RuO2 BE and the TiNx TE,
respectively, to account for the deviation of the local fields E1 and E2 from
the average field E. The above assumptions are illustrated schematically in
Fig. 6.10.
Next, we assume that electron flow across the whole SrxTiyOz layer is the
same in the steady-state case. Therefore, the leakage current density J in
the whole SrxTiyOz layer is equal to the leakage current densities J1 and
J2 in the regions of SrxTiyOz layer close to the RuO2 BE and the TiNx
TE, respectively. Since the PF fitting results suggest that the electron trap
depth Et remains the same, while the different local electron trap densities
in the SrxTiyOz layer lead to a difference in the strength of the local electric
field, i.e., E1 > E2 > 0, using eq. 6.2 we can write
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Figure 6.10: (a) The hypothetic trapped electron concentration as a
function of the distance from the RuO2 BE. (b) The band diagram of
the RuO2/SrxTiyOz/TiNx MIM capacitor. The inclined positive potential
curves are the superpositions of the negative parabolic potentials induced by
the trapped electrons and the straight positive energy potential owing to the
external applied positive bias (Vg >0) on the TiNx TE. (c) The energy band
diagrams of the SrxTiyOz layer averaged and represented by the straight
lines. The local electric field in the part of the SrxTiyOz layer close to the
RuO2 BE E1 is larger than the electric field E2 in the part of the SrxTiyOz
layer close to TiNx TE. The apparent high frequency permittivity is larger
in the SrxTiyOz region with the lower electron trap density, i.e., ε1 > ε2.
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J1
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=
exp
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1/2
1
kBT
)
E1
exp
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β2E
1/2
2
kBT
)
E2
= 1, (6.4)
from where
exp
(
β1a1/2E
1/2
2 − β2E1/22
kBT
)
= 1
a
, (6.5)
and
E
1/2
2
(
β1a1/2 − β2
kBT
)
= ln
(1
a
)
< 0. (6.6)
Since E1/22 , kB, and T are all larger than zero, we can write
( q
piε0ε1
)1/2a1/2 < ( q
piε0ε2
)1/2, (6.7)
and thus
( a
ε1
)1/2 < ( 1
ε2
)1/2 (6.8)
and thus
(ε1
ε2
) > a > 1. (6.9)
In this way, the relationship ε1 > ε2 is obtained, which is consistent with
the PF fitting results.
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Furthermore, by comparing the variation in the ratio of J to E when the
electrons are injected from different electrodes, one can obtain information
about the local electron trap density in the SrxTiyOz layer. The deviation of
the PF slope from the ideal case resulting from the non-uniform distribution
of the trapped electrons in the oxide layer can be analytically related to
the density of the charge. One can write β1=m1β and β2=m2β for the
SrxTiyOz layer adjacent to RuO2 BE and TiNx BE, respectively, where
m1 and m2 are real numbers. In this way, using eq. 6.2 we can compare the
effect of the different electron trap densities on the leakage of SrxTiyOz by
using the following equations
ln(J1
E
)
ln(J2
E
)
= β1
√
E
β2
√
E
= m1β
√
E
m2β
√
E
= m1
√
E
m2
√
E
=
√
E1
E2
=
√
a. (6.10)
Using the physical thickness of the SrxTiyOz layer in the MIM capacitor of
10 nm, we obtain a∼4 at Vg=0.8 V and T=320K. Since E = E1 + E22 =
(a+ 1)E2
2 , we estimate E2 ∼3.2×10
7 V/m. Then, the difference between
E and E2, resulting from the negative electric field created by the filled
electron traps of surface density N2 in the SrxTiyOz layer adjacent to the
TiNx electrode, can be expressed as
E − E2 ∼= qN2
ε0εSrxT iyOz
, (6.11)
where the elementary charge q equals 1.6× 10−19 C and the low frequency
permittivity of SrxTiyOz εSrxT iyOz is ∼50. [153] We estimate N2 to be
≈ 1.33 × 1013 cm−2. This is a physically realistic defect density in the
polycrystalline oxide layer which justifies the use of the PF model to describe
the T-dependent electrical conduction in SrxTiyOz layers.
Remarkably, the excess electrons at the TiO2(110) surface are shown to
be localized around the lattice Ti4+ sub-surface cations, when they result
in Ti3+ gap sates in TiO2, while the distribution of these midgap states
appears to be an intrinsic property of TiO2 insensitive to the way the excess
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electrons are produced, e.g. by introducing oxygen vacancy defects or Na
donor impurities. [162, 163] Therefore, we hypothesize that electron transfer
from the metal electrode to the near-interface Ti-ions in the TiOx sub-
network may contribute to the physical mechanism responsible for the Fermi
level pinning at the metal/SrxTiyOz interfaces observed in the present study.
Since it is usually assumed that Fermi level pinning requires the presence of
both donor and acceptor gap states, it is worth discussing here the possible
role of oxygen-deficiency related defects (oxygen vacancies) in SrxTiyOz.
For example, it has been shown that the oxygen deficiency-related defects
created by irradiation or annealing give rise to a two-dimensional-electron-
gas at the SrT iO3(110) surface [170] or in the bulk of an oxygen-deficient
SrT iO3 crystal [171]. These defects are probably positively charged as
tentatively suggested by positron lifetime measurements. Interestingly, the
negative flatband voltage (∼-1.1 V, instead of +0.6 V expected from the
WF difference) revealed by the capacitance-voltage curve measured on the
Pt/ SrT iO3/p-Si MOS capacitor (cf. Fig. 1 in Ref. [172]) also indicates the
SrT iO3 layer to be positively charged. The positive built-in charge may be
associated with the positive oxygen deficiency defects, e.g., oxygen vacancies,
since the studied SrT iO3 films were grown using the molecular beam epitaxy
(MBE) technique under oxygen-deficient conditions. The density of the
oxygen vacancies in the MBE-grown SrT iO3 film is estimated to be in the
order of 1013 cm−2, which is consistent with density of defects evaluated
above on the basis of the asymmetry of PF conductivity. Moreover, the
introduction of oxygen-deficiency into the SrxTiyOz crystals gives rise to
the occupied electron gap states at ∼1 eV below the CB (cf. Fig. 1(c) in
Ref. [170]) which is again consistent with the trap depth obtained from the
PF fitting in the present work.
The lower electron trap density in the SrxTiyOz layer close to the RuO2
electrode as compared to the layer of the insulator near the TiNx electrode
may be explained by the reduction in oxygen deficiency in the SrxTiyOz
layer occurring when subjected to the crystallization annealing on an oxygen-
containing substrate. The oxygen atoms outdiffusing from the RuO2 BE
into the SrxTiyOz layer during the oxide crystallization may help to heal
the oxygen deficiency in the Sr-rich SrxTiyOz layer. [153] As a result,
the electron trap density in the SrxTiyOz layer adjacent to the oxygen-
supplying RuO2 BE becomes lower than in the part of the SrxTiyOz layer
close to the TiNx TE. In turn, the decrease of the electron trap density
leads to reduction of the SrxTiyOz conduction path, which explains the
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lower leakage current in the case of RuO2 injection, as illustrated in Fig
6.9. Furthermore, the incorporation of oxygen into the Sr-rich SrxTiyOz
layer leads to the decrease of the overall electron trap density across the
whole insulating film. This explains the reduced leakage in the case of TE
injection when the BE of SrxTiyOz MIM capacitors contains oxygen, as
shown in Fig. 6.2(c).
Next, assuming that the same traps control the PF conduction at T>130K
and the tunneling current observed at T≤130K, the low-temperature J-V
curves were fitted using the trap-assisted-tunneling (TAT) model [169] with
the trap energy depth Et ≈0.8 eV obtained from the PF fitting. As a result,
the effective electron tunneling mass m∗e in SrxTiyOz layer is estimated to
be ∼0.8 me for both the TiNx and RuO2 injection cases throughout the
considered T range (80-130K). The fact that m∗e appears to be smaller than
me should not be seen as a surprise. It may be compared to m∗e ≈0.47 me
for the case of electron tunneling into SiO2 [173] and the experimentally
observed m∗e ≈0.5-0.7 me in the SrT iO3 layers [174, 175]. Therefore, this
m∗e value suggests that the TAT model provides a reasonably realistic
description of electron transitions in the SrxTiyOz layer at low T.
The presence of electron states in the energy range 0.8±0.2 eV below
the SrxTiyOz CB minimum can be independently verified using PC
measurements in samples with thicker (∼23 nm) SrxTiyOz layers. [45]
The PC spectra reveal a threshold at hν ∼2.5 eV corresponding to the
photoionzation of the filled electron traps in the SrxTiyOz layer, which is
0.7-1 eV below the intrinsic PC threshold corresponding to the band-to-band
excitation in the Sr-rich Sr3Ti2Oz layer (Eg=3.25±0.10 eV), as illustrated
in Fig. 5 in Ref. [45]. On the other hand, we found that the quantum yield
measured on Au/Sr0.63Ti0.37Oz/T iNx capacitors starting from hν ∼2.5 eV
is higher by approximately two orders of magnitude compared to the yield
measured on the Au/Sr0.54Ti0.46Oz/SiOx/Si structure, as illustrated in
Fig. 6.11. In the insert in Fig. 6.11, the determination of the Eg and of
the 2.5-eV spectral threshold using the Y 1/2 − hν plot is illustrated. When
the development of the oxygen deficiency in the Sr0.54Ti0.46Oz layer during
the crystallization anneal in N2 ambient is suppressed due to the oxygen
supplied from the SiOx layer, the photoionization yield becomes 100 times
smaller.
The trap energy depth resolved from the PC spectra is in good agreement
with the PF trap depth and with the independently observed oxygen-
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Figure 6.11: Semilogarithmic plots of the photocurrent quantum yield as a
function of photon energy as measured on the Au/Sr0.54Ti0.46Oz/SiOx/Si
and Au/Sr0.63Ti0.37Oz/T iNx capacitors under -2 V bias applied to the
top Au electrodes. The insert illustrates the determination of the spectral
thresholds corresponding to the photoionization of the filled electron traps
and the band-to-band transition in SrxTiyOz at ∼2.5 eV and ∼3.3 eV,
respectively. The thickness of the strontium titanate layers is 27 nm.
deficiency-related defect energy levels at ∼1 eV below the CB of
stoichiometric single crystal SrT iO3 subjected to synchrotron radiation
to introduce oxygen vacancies [170]. These findings allow us to suggest that
the electron traps with energy levels at 0.8-1.0 eV below the CB edge are
universally observed in the SrxTiyOz-based materials. These electron traps
are likely related to some forms of oxygen deficiency since their density is
found to decrease when additional oxygen is supplied to the SrxTiyOz layer
by an oxygen-containing substrate. The results concerning this electron trap
energy depth Et inferred from the fitting of the experimental J-V curves
using the PF emission model are summarized in Table 6.1.
As already mentioned, the considerably larger barrier height at the
BE/SrxTiyOz interface (∼1.4 eV) compared to the activation energy of the
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Figure 6.12: The calculated Fowler-Nordheim tunneling current density J
as function of applied bias corresponding to electron injection from a metal
electrode into the 8-nm thin SrxTiyOz layer, assuming different values of
the interface barrier height Φ, effective electron tunneling mass m∗e, and
temperature T as indicated in the legend.
electrical conduction (0.7-0.9 eV) points towards the fact that the electron
conduction is controlled by the traps in the SrxTiyOz layer. Therefore, one
may expect that, by reducing the concentration of traps in the SrxTiyOz
layer, one can reach lower leakage, ideally down to the intrinsic limit
determined by the electron injection from metal electrodes. This intrinsic
insulating performance of a "trap-free" SrxTiyOz film may be estimated by
calculating the leakage behavior described by Fowler-Nordheim tunneling.
[173] The work has been done in collaboration with B. Kaczer and the
details can be found in Ref. [176]. The leakage of a Sr-rich SrxTiyOz layer
as a function of bias voltage at the metal/insulator interface was calculated
assuming a potential barrier Φ=1.5 eV, effective electron tunneling mass
m∗e=0.5me, and 8 nm physical thickness of the insulator at 300K. The results
are shown in Fig. 6.12. For comparison, the curves calculated for Φ=1.0
eV () and several m∗e values (©, 4, 5) at 300K are also presented in Fig.
6.12. To demonstrate the impact of temperature (T), the curves for m∗e=0.5
me and Φ=1.5 eV at T=4.2K () and T=400K (F) are also compared. The
difference between the leakage density at T=300K and 4.2K originates from
the T-dependence of the electron energy distribution in the metal. These
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results suggest that the rate of intrinsic (barrier-limited) electron injection
into the SrxTiyOz layer is far lower than the experimentally observed trap-
assisted current levels, indicating that there exists room for the considerable
improvement of Sr-rich SrxTiyOz insulating properties in MIM capacitors.
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6.5 Conclusions
The barrier height for electron IPE at the interface between the metal BE
(TiNx, Ru, and RuO2) and the Sr-rich SrxTiyOz layer is found to have the
same value of Φ =1.4±0.1 eV. The absence of the expected sensitivity to
the metal WF suggests Fermi level pinning at the metal/oxide interface. In
turn, the electrical conduction of thin SrxTiyOz layers can be consistently
described by trap-assisted electron transitions: Trap-assisted-tunneling at
low temperature (T≤130K) and the PF emission at T>130K. We evaluated
for Et the values 0.9±0.1 eV for electrons injected from TiNx electrodes
and 0.7±0.1 eV for Ru/RuO2 BE injection in SrxTiyOz layers, from which
m∗e ≈0.8±0.2 me is estimated. The trap-controlled conduction comes as
the general observation in the studied SrxTiyOz MIM capacitors. On
the other hand, results of the numerical simulations indicate that the
electron tunneling through the 1.5-eV interface barrier should result in a
much lower leakage current than that observed experimentally, suggesting
that SrxTiyOz layers are still far from reaching the intrinsic limit of their
insulating performance. Further improvements are possible by reducing the
density of defects tentatively associated with the oxygen deficiency centers.
These results suggest the Sr-rich SrxTiyOz insulators as viable candidates
for the production of low-leakage MIM capacitors with EOT<0.5 nm for
DRAM applications.

Chapter 7
Conclusions and Outlook
7.1 Conclusions
This work explores the possibility of the application of internal photoemis-
sion (IPE)/photoconductivity (PC)/photoionization (PI) spectroscopy to
investigate the electron energy states in insulating layers used in memory
devices that are characterized by strong charge trapping and/or enhanced
electrical conduction.
Concerning the experimental methodology, three major achievements deserve
to be mentioned: First, by analyzing the PI of the filled electron traps in
strong electron trapping insulators, we are able to determine the energy
levels and density of electron traps. The remarkably consistent onset energy
values of the IPE electron injection and the PC electron-hole pairs generation
with the threshold energies determined using the IPE and PC photocurrent
experiments, respectively, show that the PI spectroscopy is sufficiently
sensitive to the charge variation in the oxide layers to provide the accurate
information about oxide electron traps.
Next, PC experiments have demonstrated the ability to provide a reliable
bandgap value for the oxide nanolayers with gap widths as narrow as 3 eV.
The high sensitivity of the PC spectroscopy allows us to determine not only
the complicated multiple bandgap structure free of simulation error but,
in many cases, also to identify the PI of defects to determine their energy
levels.
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We also demonstrated that the IPE analysis can be done on the background
of a leakage current, i.e. dark current, to identify the type of the charge
carrier transition. The observation of the light current increase as opposed
to the continuous dark current decay helps us to identify the IPE transitions.
These methodological development achievements are illustrated by the
results summarized in this thesis. First, to serve as an example, the
Y2O3/SiO2/Si structure was analyzed by using the combined IPE, PC,
and PI experimental approach to determine the interface band alignment,
the Y2O3 optical bandgap, and the energy distribution and density of
electron traps in the Y2O3 film. The broad energy distribution and high
concentrations of deep electron traps in Y2O3 are revealed by the quantitative
analysis on their PI behavior. These deep electron traps allow the long
charge retention time of the Y2O3 film, which may serve as the charge
trapping layer without the deposition of a blocking layer above it.
Next, a broad energy depth distribution of electron traps in Al2O3 is
observed instead of the discrete energy levels of defects suggested by the
theoretical simulations. The density of these deep electron traps is found to
at least double after the N2 annealing-induced crystallization of the Al2O3
layer, which suggests that the high temperature treatment is not effective
to reduce the trap density.
The incorporation of a rare-earth La or Gd cation in Al2O3 is found to
reduce the density of electron traps. However, the energy distribution
of these traps remains similar to the one in Al2O3, which leads to the
hypothesis that these traps are associated with the AlOx sub-network in
rare-earth aluminate films. The lower electron trap densities and higher-κ
values as compared to Al2O3 represent the advantages of the rare-earth
aluminates if applied as the blocking layer in Flash devices. In addition, the
analysis of the dependence of the energy barrier at the interface between Si
and the in-situ steam-grown (ISSG) SiO2 or the SiOx − SiNy intermixed
oxide (SNOW) on the strength of the electric field reveals the high interface
barrier at zero field. At the same time, the ∼0.5 eV barrier reduction at
the Si/SNOW interface under an applied electric field ∼1 MV/cm enables
easy electron injection, which may make the SNOW layer attractive as the
tunnel barrier in Flash devices.
Furthermore, the bandgaps of complex mixed oxides are found to either
retain, or to be close to the narrowest constituent oxide gap width. The high
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sensitivity of PC spectroscopy to the band-to-band opto-electrical transitions
allows one to resolve the multiple bandgap structure of the complex oxides.
The results of PC experiments deliver more accurate bandgap widths as
compared to SE results. In the latter case the resolution of the multiple
absorption edges is highly unreliable because of the use of an over-simplified
model in the SE data fitting.
We found that the metal (TiNx, Ru, or RuO2)/SrxTiyOz interfacial barrier
heights are all close to 1.4 eV, suggesting that the metal Fermi level is
pinned close to the middle of SrxTiyOz bandgap. The same barrier height
is found at the interfaces of Ru with rutile TiO2 and Al-doped TiO2. This
universal observation of the same mid-gap Fermi level pinning suggests that
it is probably determined by the TiOx sub-network in SrxTiyOz layers.
The leakage current in SrxTiyOz MIM capacitors is found to be a trap-
assisted tunneling current in the low temperature regime (T≤130K) with an
additional Poole-Frenkel trap-assisted conduction at T≥130K. The electron
trap energy depth below the SrxTiyOz CB edge is estimated to be 0.8±0.1
eV from the PF fitting of the J-V curves. This trap depth is consistent with
the observation of the PI threshold at 0.8-0.9 eV below the 3.3 eV intrinsic
PC threshold in SrxTiyOz. The increase in quantum yield due to the PI
of filled electron traps with the 2.5 eV threshold energy is found to be 100
times smaller in SrxTiyOz grown on the oxygen-containing SiOx substrate
than in the layers on oxygen-free TiNx layers. This can be explained by the
reduced density of oxygen deficiency defect centers.
The estimated leakage of an ideal trap-free SrxTiyOz layer is several orders
of magnitude lower than the leakage value observed experimentally. This
indicates the presence of electron traps in SrxTiyOz layers as the major
factor determining the insulating performance of the oxide. Therefore, we
suggest that reduced SrxTiyOz leakage can be obtained by further lowering
the oxide defect density, indicating the potential of SrxTiyOz to be applied
as the insulating layer in DRAM cells.
7.2 Outlook
The combined IPE/PC/PI approach is shown to enable one to determine
the band alignment at the interface of an insulator with bandgap ≥3 eV.
164 Conclusions and Outlook
Also, the trap distribution can not only be quantified but, also, referenced
to the band edges of the electrodes by using this methodology.
The interface energy barrier can also be determined on novel material systems
with metallic electrodes on non-crystalline insulator layers containing a high
density of defects such as the organic materials. In this case, the electrons
from the electrode fill the electron traps to the same energy level as the
highest occupied state in the electrode. This allows one to find the energy
of the electrode Fermi level from observation of the PI threshold of the
trap photoionization (the "pseudo-IPE" process). In the case of electron
excitation, the pseudo-IPE spectral threshold energy is equal the energy
difference between the electrode Fermi level and the insulator CB minimum.
In this way, by analyzing the photocurrent originating from the pseudo-IPE
excitation and comparing it to the dark current behavior, one is able to
determine the electrode/insulator interfacial energy barrier. Furthermore, by
analyzing the field-dependence of pseudo-IPE threshold energy, it becomes
possible to determine the intrinsic zero-field interfacial barrier height between
the electrode Fermi level and the edge of the transport band of the dielectric
at the electrode/insulator interface. Therefore, by studying the extrinsic
trap-assisted photocurrent, we can determine the intrinsic potential barrier
between the electrode and the insulator.
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